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Luminescent Conjugated Polyelectrolytes for DNA Biosensing 
The ability to identify DNA or RNA strands with minimal treatment represents a challenge that has 
generated significant scientific interest. Rapid techniques for the detection of small amounts of 
DNA/RNA are important for a variety of applications and as a result, new techniques that can 
identify target analytes in a highly sensitive and selective manner are eagerly sought-after. 
The use of conjugated polymers (CPs) is rapidly emerging as an innovative approach for the 
development of highly sensitive biosensors. Here, we describe the synthesis and analysis of novel 
water-soluble CPs based on a poly(phenylene ethynylene) (PPE) backbone, as sensitive probes for 
DNA detection. 
PPEs containing anionic, cationic and hydrogen bonding side chains were first synthesised and 
compared to small model analogues in luminescence quenching experiments. Initially, a cationic 
CP was investigated as a possible DNA sensor, and its performance analysed. Armed with this 
knowledge, second generation polymers were then synthesised and these included structures with 
isothiouronium and guanidinium recognition units that are potentially able to discern oxoanion 
groups specifically. 
The ability of these second-generation materials to interact with a range of emission quenchers as 
well as single-stranded DNA fragments was investigated. The impact of surfactants on the 
emission of these materials was also studied. 
In other work we sought to monitor the activity of an enzyme, using the fluorescence emission 
from a CP and phosphate-based small molecule quencher. Enzymes represent an attractive target 
for monitoring due to the sheer variety of processes that they impact. In order to conduct the assays 
in biologically relevant media, we investigated the factors that affected the emission intensity of 
the second generation polymers. 
In the final part of this thesis we present preliminary results from quenching experiments 
conducted using a prototype solid state sensor. 
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1 	Semiconducting Polymers — An Overview 
Semiconducting organic polymers, also referred to as conjugated polymers (CPs), have excitation 
energies that typically lie in the visible to near UV range (1.4 — 4.0 eV).1 Recently, the study of 
these polymers has formed a nascent research area in modern materials chemistry, with interest 
driven by the potential to fabricate devices for commercial and scientific applications. 
A search through the chemical literature provides many examples of conjugated polymers being 
used in a range of optoelectronic devices from polymer LEDs,2 plastic lasers,3 chemical sensors,4 
nonlinear optics,5'6 FETs7 and solar cells8 to molecular machines.9 The ability to fabricate such 
devices, at the single-molecule level, has led to these developments being keenly followed in the 
wider field of nanotechnology, as researchers seek to miniaturise existing technologies. 
In 1977, Heeger, MacDiarmid, Shirakawa and co-workers reported their work on the selective 
doping of polyacetylene (CH)„ to produce the first conducting polymer, in a key discovery that led 
to the 'fourth generation' of polymeric materials:6'11 In their work on trans-poly(acetylene), in its 
as formed state a black powdery polymer, they noted a 'conductivity increase' upon exposure to 
either chlorine, bromine or iodine vapour. This original conducting polymer, the forerunner of 
today's variants, underpins a multi-million dollar industry, and the importance of this work was 
soon recognised with Shirakawa, MacDiarmid and Heeger being jointly awarded the Nobel Prize 
for Chemistry in 2000.11'12 
This work challenged the traditional thinking, of polymers being used as insulators in electronic 
devices, and inspired chemists and physicists over the next thirty years to explore the conducting 
properties of such materials. 
Due to the insolubility of un-substituted poly(acetylene) in all organic solvents and its instability 
upon exposure to oxygen and water, attention soon turned to other more processable conjugated 
polymers. Substituted versions of poly(arylene vinylene)s gained prominence as they exhibit 
electronic properties that are comparable with poly(acetylene), and display good solubility in 
common organic solvents thereby allowing easier processing for the production of commercial 
devices.13 
Most of the commercial interest in conducting polymers centres on the process of 
electroluminescence (EL), whereby the emission of light from conjugated polymers can be 
stimulated by an electric current.14 Electroluminescence in organic materials was first noted in 
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1963 with a resurgent interest triggered in the 1980s with work on organic fluorescent dyes.2 In 
Cambridge in the early 1990s, Burroughes et al. observed, for the first time, electroluminescent 
conjugated polymers.14,15  The key advance in this work centred on the avoidance of expensive 
vapour deposition methods, by using soluble derivatives of the polymers that were amenable to 
dip-coating, spin-coating and reel-to-reel techniques." 
Two of the most common types of polymer in this class are poly(2,5-phenylene vinylene) (PPV) 
and poly(1,4-thienylene vinylene) (PTV), shown in Table 1.1. However, as is also shown in this 
table, there are numerous different CPs used for a variety of applications. The attention focused on 
PPV and its derivatives in the early days, stems from the demonstration of electroluminescence 
that Burroughes et al. reported back in 1990.14 Other advantages for using PPV in electronic 
devices include their relative ease of synthesis, which makes their fabrication inexpensive. 
2 
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Table 1.1 Examples of the structures of some of the common conjugated luminescent polymers.16 
Entry / 
Structure 
number 
Polymer structure Full name Abbreviation 
1 / 1 poly(2,5-phenylene 
vinylene) 
PPV 
. \ 
n 
2 / 2 / poly(2-methoxy-5- MEH-PPV 
(2'ethyl-hexoxy)-1,4- 
phenylene vinylene) 0 
. \ 
MeO n 
3 / 3 / \ 	/ poly(2,5-thienylene PTV 
S n vinylene) 
4 / 4 poly(p-phenylene) PPP 
5 / 5 
®n 
poly(phenylene PPE 
1 
 
--E- 17 ethynylene) 
6 / 6 R poly(3-alkylthiophene) P3AT or PT 
i 
S 	n 
7 / 7 poly(9,9- PDAF or PF 
..10 n dialkylfluorene) 
R 	R' 
1.1 	Conjugated polymer applications 
In the following sections, a brief overview of some of the main applications of conjugated 
polymers as used in modern materials chemistry along with some of the more recent breakthroughs 
will be described. 
1.1.1 Polymer Light-Emitting Diodes (PLEDs) 
This is perhaps the most well documented use for conjugated polymers and as a result the best 
known. Since the phenomenon of electroluminescence was first noted" (vide supra) there have 
been numerous reviews17 detailing advances in materials synthesis and device fabrication. In this 
section, a brief summary of some landmark discoveries will be covered along with recent solutions 
3 
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to potential drawbacks that in the early days dogged OLED technologies. Additionally, methods 
used to increase the efficiency of devices, including adding additional layers and multilayered 
devices will be discussed. 
Work on fluorescent polymer light-emitting diodes began in earnest after the discovery by Friend 
et al. of electroluminescence in polymer 1 (Table 1.1).14 
(a) 
Scheme 1.1 General synthetic routes to PPVs. (a) Synthesis of an un-substituted PPV. Conditions: (i) 
(for the sulphonium precursor) Tetrahydrothiophene, Me0H, 65 °C; (ii) NaOH, Me0H/H20, 0 °C; (iii) 
neutralisation (HCI); (iv) dialysis (H20); (v) 180 — 300 °C, vacuum, 12 h. (b) Synthesis of MEH-PPV. 
Conditions: (vi) 3-(Bromomethyl)heptane, KOH, EtOH, reflux, 16 h; (vii) HCHO (37%), HCI, dioxane, 
20 °C, 18 h, reflux, 4 h; (viii) KOtBu, THF, 20 °C, 24 h. 
The synthetic route to PPV 1 is shown in Scheme 1.1 and involves a precursor polymer that can be 
easily converted in solution or the solid state to give the fully conjugated polymer. This is 
advantageous as it allows for easy processing of films, especially over wide areas. Additionally this 
method yields high conjugation lengths and trans C=C bond ratios, which is important for 
4 
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packing.2 In early syntheses, 'X' was commonly a sulphonium ion in which case the corresponding 
synthesis is known as the Wessling precursor route. 
Alternative routes to 1 can involve a xanthate ester, which can lead to improved PPV film quality 
and device efficiencies." Sulphide and sulphonyl intermediates have also been used in similar 
precursor polymer routes, although such methods sometimes result in undesirable side reactions.2 
The intractable nature of 1 meant that soluble, and therefore more easily processable, derivatives of 
such PPVs were sought. Chief amongst these are dialkoxy PPV polymers that contain branching 
side chains, off the main polymer backbone, that allow for good solubility in common organic 
solvents, by allowing increased solvent interaction and by increasing the interchain distance, 
thereby preventing 7c-stacking. In this regard, MEH-PPV, 2, (Scheme 1.1) has received much 
attention as an example of this class of polymer and, for example, benefits from having good 
solubility in many organic solvents. In addition, the synthesis leading to 2, known as the Gilch 
route (Scheme 1.1b), is shorter than the Wessling route and gives rise to a polymer with a distinctly 
red-shifted emission (X. = 590 nm). However, this route often results in materials that contain 
significant defects that arise from unwanted head-to-head or tail-to-tail coupling.19 13C NMR 
studies have confirmed the presence of a tolane-bisbenzyl structural unit as the main defect.29 The 
impact on devices can be appreciable; in a recent comparative study, the power conversion 
efficiency (ric) for two organic bulk heterojunction solar cells (see section 1.1.2) based on a PPV 
and Co derivative were measured, with the only difference being in the synthetic route used to 
synthesise the PPV. For the Gilch polymer 77, was — 2.5% as compared with 3% measured for the 
sulphinyl derived polymer.21 The difference was attributed to changes in the polymer 
microstructure which in turn depend on the fidelity of the polymeric route followed.21'22 
OLED device fabrication from CPs involves a multi-layered process (Figure 1.1a and Figure 1.1b); 
the anode is typically made from ITO (indium tin oxide; a transparent conductor that allows the 
generated light to exit the device) and one or more layers of the polymer is deposited onto the 
anode by spin-coating.2 The top layer cathode is chosen such that electron injection is facile and 
typically calcium or aluminium are chosen as they have low work-functions.2 When the system is 
forward biased, electrons and holes are injected into the device and neutral excited states known as 
excitons are formed that can undergo radiative decay giving rise to light emission. Importantly, 
unlike for photoexcited CPs, where only singlet excitons are generated, the formation of excitons 
by the combination of electrically injected electrons and holes results in the generation of excitons 
in both the singlet and triplet states, with as many as 75% of the charges in the three-fold 
degenerate triplet state.23 As the spin-allowed radiative emission (fluorescence) in organic 
conjugated polymers originates from singlet states only, this imparts a statistical imbalance that 
5 
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potentially limits the efficiency of such devices to 25%, though more recent investigations have 
shown deviations from the theoretical limit.24 
To circumvent such issues, recent efforts have focused on incorporating transition metals into the 
polymeric backbone. These high-atomic number elements induce the necessary spin-orbit coupling 
that then allow emission to also occur from the triplet excited state. Alternative phosphors that 
display significant spin-orbit coupling are organometallic complexes, particularly those derived 
from iridium where phosphorescent efficiencies of 87% have been reported.25  
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(d) 
Figure 1.1 Representation of (a) a single layer device and (b) a single layer device with a hole-injection 
layer. (c) Band scheme for the description of the HOMO-LUMO levels in a single layer device and (d) a 
double layer device. 
It is important to balance the injection rates and mobilities for both holes and electrons in the 
device to maximise the probability of exciton formation by electron/hole recombination. Efforts to 
improve the efficiency of OLED have looked at the deposition methods and the electrode 
interfaces. The nature of the ITO anode was also considered and in a bid to improve the hole-
injection properties researchers have included hole-transporting layers, like poly(3,4-
ethylenedioxythiophene) (PEDOT) doped with poly(styrene sulphonate) (PSS), into the typical 
OLED device structure (Figure 1.1b) which is also advantageous as such additional layers cover 
the roughness of the ITO surface! Such changes have led to notable improvements in the 
performance of such diodes with efficiencies of 16 1mW-1 (lumens per watt) reported for PPV-
based systems.23'26 
A common problem for OLEDs is related to the good hole mobility in conjugated polymers and 
poor electron transport due to electron traps such as molecular oxygen. This gives rise to 
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recombination near the metal-cathode interface, which reduces the efficiency of the device. A 
strategy often used to avoid this involves the incorporation of an electron conducting hole blocking 
(ECHB) layer between the cathode and the polymer layer, which serves to move the recombination 
site closer to the centre of the polymer layer.2 This is desirable because efficient emission only 
occurs away from the electrodes. The area in the vicinity of the electrodes displays low radiative 
efficiencies due to quenching by surface plasmons2 and confining electrons and holes to the narrow 
recombination zone in the middle of the device is therefore advantageous.27 Other changes to the 
standard device setup, involve multilayered structures where a potential barrier is created in the 
middle of the device (Figure 1.1d) in which both electrons and holes are accumulated prior to 
recombination and subsequent emission, allowing for an even current balance as they are much 
more likely to recombine there.28  
1.1.2 	Solar cells 
Another important use for conjugated polymers is as an active layer in organic solar cells. Such 
devices consist of at least one heterojunction, between a donor material and an acceptor material. 
They operate by enabling photogenerated excitons (formed by the absorbance of solar light) to 
dissociate at the donor/acceptor junction, a process which is dependent on the nature of the excited 
state (exciton). Optimal materials for photovoltaics have to harvest the excitons efficiently to 
ensure that as many as possible are dissociated at the interface, and that this interface is at a 
distance that is ideally within the range of the displacement of the exciton during its lifetime (the 
exciton diffusion length).8 
Some of the latest advances in organic solar cells include designs based on a blend of soluble C60-
derivatives (that are electron accepting) and conjugated polymers, an example of which is given in 
Figure 1.2. Co molecules have often been used as the electron acceptor since it was shown that 
they can participate in rapid photoinduced electron transfer (PET) with conjugated polymers.29 
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Figure 1.2 A C60-derivitised poly(thiophene) for use in photovoltaics.3° 
Poly(alkylthiophenes) (PATs) are perhaps the most widely used polymers in such applications as 
they have high hole mobilities and a small band gap compared to other CP derivatives, providing 
an improved match to the theoretical optimal bandgap of 1.4 eV.8 The synthesis of 18 (Figure 1.2) 
can be accomplished by electropolymerisation and proceeds in good yield. Polymer 18 is typical of 
the types of PAT materials investigated for photovoltaics.31 Other examples of fullerene-containing 
CPs based on organic bulk heterojunctions include a C60-derivitised PPV32 that displays an open-
circuit voltage of 0.83 V, which it is claimed is the highest for a single-component system.8 Despite 
these steps forward, the overall efficiencies for such solar cells are currently limited to around 5% 
compared with, for example, — 24% for single crystal silicon.33  
Early work on solar cells focused on improving efficiencies by vastly increasing the interface area 
of heterojunctions in inorganic-organic dye-sensitised solar cells.13 In a recent development in this 
field Haque et al. described how they have increased the lifetime of the charge-separated state in 
such a material (Figure 1.3).34 
8 
electron injection electron donation 
e- donor TiO2 dye 
recombination 
Slow charg_e_________, 
COOH 
HOOC 
)‘1 
1\11uC'  N 
HOOCH' N  
2 CF3SO; 	COOH 
19 
[n — 100] 
Chapter One 	 Introduction 
Excitation 
Figure 1.3 An explanation of the charge transfer processes along with the structure of one of the dyes 
used in the solar cells designed by Haque et al.; incorporation of this dye led to a charged-separated 
state with a lifetime of 4 5.34 
Upon photoexcitation, such solar cells eject an electron which is then delocalised in the 
semiconducting TiO2 layer.35 For the different dyes tested the delays varied between 350 µs and 4 s 
which is, according to Haque et al., the longest lifetime recorded for a dye-sensitised metal-oxide 
film.34'36 By modulating the distance between the dye and the TiO2 surface, they were able to slow 
the charge-recombination kinetics, with the origin of this long-lived excited state being the multi-
step relaxation process that has to occur before the molecular ensemble reaches the ground state.34 
1.1.3 Towards molecular machines and insulated wires 
The building blocks used for the construction of semiconducting polymers are increasingly finding 
uses in other fields. Molecular machines and devices — miniaturised constructions that have the 
9 
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ability to do work or exhibit controlled motion — are increasingly being explored as potential 
components for use in a variety of applications. To this end molecular electronics is ripe for 
investigation as many of the properties of semiconducting polymers are well suited for use in such 
machines. There are numerous examples of switches,37 rectifiers,38 rotors,9 gearboxes,39 DNA 
damage detectors" and transistors based on organic semiconducting units." In a recent addition to 
this list, Tour et al. described their work on the synthesis and testing of a thermally driven 
`nanocar' based on semiconducting phenylene ethnylene subunits for the chassis and axels and C60 
fullerene units for the wheels." An important requisite for any molecular machine device is 
directionality of motion and, for the nanocar, the wheels (C60 units) have the potential to rotate 
along the axis of the C-C single bonds (the cars axel) to which they were attached, meaning that 
they could rotate independently and restrict coherent motion. Indeed as the thermal gradient was 
applied, the ability of the C60 units to rotate freely led to 2D motion as opposed to 1D motion that 
the researchers expected. Tour et al. observed direction-controlled motion when an STM tip was 
placed in front of the car enabling them to pull the vehicle in a given direction. Since this initial 
disclosure, Tour et al. have reported more details on their surface-rolling molecules, including the 
synthesis of a `nanotruck' containing a planar chassis perpendicular to the C60 wheels." However, 
as yet no progress has been made in demonstrating useful functions for such molecular entities." 
Actuators" (specifically microactuators) based on conjugated polymers were reported by 
Baughman in the early 1990s. An actuator has the ability to convert one type of energy into 
mechanical energy (motion) and such devices are finding a myriad of uses in biomedical 
applications. In particular, conjugated polymers are well-suited to applications at the biological 
interface as they are insensitive to the high ionic strength conditions. These materials are 
approaching the standard required for use in biomedical devices as actuation strains of up to 26% 
have been reported together with an improvement, compared with earlier designs, in the voltage 
levels required for actuation."'" 
The mechanism for actuation relies on the electrolytic solution which the polymer comes into 
contact with. Ions from solution act as a dopant for the polymer and the flow of ions into and out of 
the polymer controls the conformation." This allows for changes in the dimension of the polymer 
to be achieved electrochemically. For example, the reconnection of severed blood vessels is a time-
consuming and difficult procedure, but the development of a microfabricated polypyrrole bilayer, 
which works in a similar sense to a stent, could ease the problem. In essence, the polymer in its 
coiled-up conformation (achieved by applying a reducing potential), is placed between the two 
ends of the vessel and following the removal of the potential difference, returns to its elongated 
form, still holding the two ends of tissue while they knit together." This system has several 
advantages as it doesn't block the blood vessel while it heals and can be fitted quickly, thus 
10 
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avoiding extensive trauma. This use of CP actuators highlights one of the many advantages for 
such systems, namely that they can operate in highly polar environments such as body fluids.45  
Most work on actuators to date has focused on polyaniline, poly(thiophene) and poly(pyrrole) 
(PPy), which are also biocompatible and have been used in tissue engineering and such 
electroactive polymers have been used to trigger controlled cell growth.46 
As will be described later (section 1.4.2) the aggregation of conjugated polymer chains in solution 
is a common phenomenon. The effect stems from 7t-n interactions between neighbouring chains 
and is of central importance in allowing photoexcitations to travel across a vast polymer network, 
which has implications for sensing (see Chapter Three) and charge mobility in polymer FETs.48  
However, such strong interchain interactions can be to the detriment of OLED design as the 
emission can be red-shifted and partially quenched. To avoid such issues, Anderson and Cacialli et 
al. prepared insulated molecular wires based on conjugated polyrotaxanes (24 in Scheme 1.2).49 
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Scheme 1.2 Synthesis of an insulated molecular wire in the form of a rotaxinated conjugated polymer. 
Conditions: (i) Pd(OAc)2, Li2CO3, r. t., 18 h, 86%.49'5° 
The synthesis of the polyrotaxanes was achieved by aqueous Suzuki cross-coupling in the presence 
of the enscapsulating agent 13-cyclodextrin (20), with threading of the macrocycle driven by the 
hydrophobic effect. This A + B step-growth polycondensation was used to produce PPP and PF 
conjugated polymers and gave materials with moderate degrees of polymerisation (— 20 repeat 
units) as confirmed by 'H NMR (via integration of stopper end-groups), MALDI-tof (for the PPP 
polymers) and analytical ultracentrifugation (AUC).495° Analysis of the luminescent properties of 
the rotaxinated polymers showed that their absorption and emission maximum were blue-shifted 
(typically by 10-30 nm) and PL efficiencies increased (6%) relative to the non-insulated material.'" 
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The threaded materials were also used to fabricate LEDs which displayed luminance levels of 
`several candela per square metre'.49 SFM of thin films showed the PPP rotaxanes as individual 
rods.49 Taken together, all this evidence confirms the vastly reduced aggregation tendency of the 
insulated material and the associated benefits that this brings. 
1.2 	What is a biosensor? 
Examples of common optoelectronic devices based on conjugated polymers have been described in 
the previous section. The use of these materials in sensory technologies represents a new avenue of 
research. CP based sensors have been used to detect small molecules as well as biomolecules.51  
Such systems exploit the semiconducting properties of the polymers with transduction based on 
changes in electrical conductivity, chemical potential or optical properties. Some examples of these 
different techniques will be discussed in the following sections (1.2.2 to 1.2.6). 
The ability to detect DNA hybridisation, in a highly sensitive and selective manner, has always 
been a central objective in the development of modern biosensing techniques. In recent times the 
demand for such technologies has been even more pressing as threats from biohazards, like the 
current Avian Flu epidemic,52 and advances in genetics, such as the mapping of the human genome, 
demand more robust and rapid diagnostic techniques.53  
A chemical sensor can be described as a device that selectively and continuously recognises the 
presence or concentration of a given analyte and converts this information into an electrical or 
optical signal. As biosensors fall into a specific subset of chemical sensors, they can be defined as 
follows; a biosensor is a chemical sensor in which the sensing element is able to respond to the 
biological analyte of choice, with the system able to undergo a chemical or physical change that is 
observable on a macroscopic level.54 
In such devices, the biological sensing (recognition) element is coupled to a transducer that is able 
to report the recognition event, that occurs on the sub-microscopic scale, into a useful and easily 
observable macroscopic signal such as an optical, electrical or electrochemical output (Figure 
1.4).53  
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Figure 1.4 A simple schematic of a biosensor. 
For CP biosensors based on changes in optical responses, the biological detection agent and 
transducer (Figure 1.4) are commonly incorporated in the polymer backbone. 
1.2.1 	Current applications of detection technology - techniques for the selective detection 
of DNA 
In the past decade, several examples of DNA sensing using a variety of techniques have been 
outlined in the literature. As was alluded to in the previous section, the interest in such techniques 
has been strongly driven by the need for analytical devices for the detection and monitoring of 
biological entities (for example in the completion of the human genome project) and the need to 
diagnose genetic diseases in a timely fashion. These devices, once perfected, would find use in a 
variety of medical applications and research. For example semiconducting polymers could supplant 
currently used methods for the identification of biological molecules, like the ELISA (enzyme-
linked immunosorbant assay) technique, which has certain drawbacks such as being time-
consuming and labour intensive.55 Methods for the detection and discrimination of DNA 
biopolymers have sparked fervent interest among many research groups for many reasons: 
(i) Novel ways are required to track gene delivery, for example via fluorescence 
monitoring; and 
(ii) Specific genomic techniques could be explored, which would provide a useful 
tool for, amongst other things, genetic fingerprinting (as an aid in crime 
prevention) and systems biology input. 
Clearly unlocking a sequence specific technique to DNA biosensing would have far reaching 
ramifications and the potential for commercial exploitation is high.56 In the following sections, 
some generic and state-of-the-art DNA detection techniques will be considered and comparisons 
drawn between them and our proposed detection platform. 
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1.2.2 Electrochemical biosensors 
Electrochemical biosensors rely on a change in the electrochemical response upon hybridisation 
and numerous examples are documented in the literature.57 DNA sensing using surface techniques 
has many potential advantages including ease of access of the target genetic material to the surface 
and the ability to obtain rapid, sequence-specific detection without significant pre-treatment of the 
target materia1.53  
A recent example of such a device is provided by Korri-Youssoufi et al. and involves an 
oligonucleotide-functionalised electroactive polypyrrole conjugated polymer (Figure 1.5).58 
Figure 1.5 Structure of the functionalised polypyrrole electrode poly[(3-acetic acid pyrrole-co-3-ODN 
acetamido pyrrole)] electrode, as employed by Kourri-Youssououfi et al. in an electrochemical DNA 
sensor.58 
In this example, the hybridisation of non-complementary strands with the probe oligonucleotide 
(ODN) appended onto the polypyrrole backbone (25), led to an unchanged electrochemical 
response. Exposure to the exact complementary strand (by incubation in a buffered aqueous 
solution for two hours) had the effect of decreasing the current level, which led to a concomitant 
increase in oxidation potentia1.58 
The use of electrochemical-based DNA sensors has also been explored by Barton et al. to 
determine base-pair mismatches and points of damage (lesions) along oligonucleotide strands, 
which can result from contact with carcinogens.59 Surface techniques often involve thiol-
terminated probes that are used in conjunction with gold surfaces — thus exploiting the auriophilic 
nature of sulphur13 — and Barton et al. used this principle to construct an assembly involving (thiol-
terminated) probe oligonucleotides on a gold surface. In their scheme, single base-pair mismatches 
can be monitored electrochemically (as the reduction of a carefully chosen intercalator can occur 
via DNA-mediated charge transfer only if complete base-pair matching is present along the DNA 
fragment up to that point) and perturbations along the chain affect the efficiency of the reduction 
process. The detection limits for this technique are at the micromolar level, and are limited to the 
concentration of the intercalator (methylene blue, MB, at 2 µM).59 
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The versatility of such methods was demonstrated by Anzai et al. who were the first to use a redox 
polymer for the electrochemical sensing of DNA.6° In an idea similar to that used by Barton et 
al.,59 a thiol probe sequence was appended to a gold surface and then exposed to the target 
sequence, after initially being cleaned (by running a scanning potential in a solution of sulphuric 
acid) to remove excess DNA fragments that remained during the surface treatment process. 
Specific hybridisation could be detected by deposition of the redox-active polymer to the surface 
and performing differential pulse voltametry in (tris(hydroxymethyl) aminomethane) IRIS 
buffered solutions, thereby allowing for the detection of double-stranded DNA at the picomolar 
concentration leve1.60 
1.2.3 Detection of DNA by chip-based methods 
The growing field of chip-based sensor technology involves the integration of the initial detection 
and subsequent processing and output signal all on a single device. One of the most attractive 
features of lab-on-a-chip schemes is the inherent miniaturisation of the analysis system which 
reduces the amount of sample required to perform the detection, along with the time required for 
analysis.61 Some disadvantages of early planar chip-based sensors, including the necessity for 
amplification of genetic material, have since been overcome.62 
McDevitt et al. have described a second-generation sensor array where they sought to avoid 
problems of low sensitivity.62 Here, agarose polymer microbeads were stationed in an embossed 
multiple-well silicon wafer grid (Figure 1.6). Columns of the microbeads, containing three 
different DNA capture strands, were previously arranged on the silicon wafer. Each well, filled 
with the avidin coated microbead, was then treated with biotinylated DNA capture probes, with the 
resulting wafer able to accommodate fluid flow into the bead chamber whilst allowing optical 
analyses, which were recorded using a CCD camera. The target materials were functionalised with 
three different fluorophores which allowed the hybridisation events to be monitored in real-time.62 
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Figure 1.6 The experimental setup for the chip-based microbead array, used for detecting single base- 
pair mismatches in DNA.62 
The system can be used to detect other targets by a simple 'flush' procedure which allows for the 
beads to be regenerated by addition of a buffered formamide solution, which can wash through the 
chip via microdrains. Despite boasting detection limits of '- 10-13 M, with all assays completed 
within an hour, the modification of the DNA material prior to analysis (pre-treatment by addition 
of a fluorophore group) is still a hurdle to be overcome, as this would restrict the use of such a 
system in the field. 
1.2.4 Carbon nanotubes for DNA detection 
Increasing interest in the use of carbon nanotubes (CNTs) in the area of biotechnology has driven 
researchers to find out how these materials can be used as ion-channel blockers, biocatalysts and as 
sensors.63 In these systems, CNTs are often used as the sensing device and when coupled to a 
sensitive transduction technique, form a reliable way of reporting the recognition process. A carbon 
nanotube electrode, combined with an electrochemical system, has been shown to form the basis 
for a sensitive DNA detection system.64 In such a system, amine-terminated probe DNA strands (in 
the first instance with 10 base-pairs) were coupled to a CNT based nanoelectrode to form an array, 
using the traditional coupling agents (water-soluble variants) EDAC and NHS (Figure 1.7). 
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Figure 1.7 A primary amine-functionalised CNT and the associated mechanism of Ru(bpy)32+ mediated 
guanine oxidation." 
The hybridisation process was monitored using cyclic voltammetry (CV) with the oxidation 
current of a particular base (guanine) used as an indicator. However, this technique proved difficult 
to implement due to high 'noise' signals, and a mediator, in the form of the complex Ru(bpy)32+, 
was used instead. This allowed for a detection limit of 'a few attomoles'.64 One shortcoming for 
this technique is related to the amount of probe preparation and modification required. As CV 
signals from guanine bases were used, a polyG sequence had to be attached to the target strand and 
the G-bases in the probe were exchanged, to ensure the current contribution was entirely due to the 
presence of the target. This combined with the relatively intricate fabrication techniques required to 
make and attach the CNTs to the silica surface somewhat limits the general appeal of such 
techniques. 
1.2.5 Optical methods for DNA detection 
Their ease of use combined with high selectivities, have propelled FRET-based (fluorescence 
resonance energy transfer) DNA detection schemes to the fore in recent years. In examples to be 
described later (section 1.5) light-harvesting conjugated polymers were combined with dye-
tethered probes in a CP-FRET-based detection scheme for oligonucleotides. One drawback of such 
methods comes from strong background emission from the polymer or dye (due to unintentional 
excitation) which hinders observation of the hybridisation event. To combat this, Wang et al. have 
recently described a single-quantum-dot-based nanosensor (Figure 1.8) that uses CdSe-ZnS core-
shell quantum dots (QDs) combined with biotinylated capture probes and a dye-tethered reporter 
probe.65 Key to minimising the unwanted background fluorescence (stray emission) is the use of 
QDs, which due to their broad absorption allow for excitation at a wavelength which is well away 
from that of the dye, thus minimising direct excitation of the dye. In the system, a streptavidin-
coated QD associates with the biotinylated capture probe, the reported probe and the target DNA to 
form an assembly in which the local concentration of the target material is enhanced. 
18 
Chapter One 	 Introduction 
Cy5 
4>>1%-41  
Reporter probe 
  
   
--stark. 
1:27.1421. 
Nanosensor assembly 
Biotin 
-67 \e"-rill 
Capture probe 
  
  
Sandwiched hybrid 
  
      
     
      
Streptavidin-conjugated OD 
Figure 1.8 Schematic showing a DNA nanosensor assembly, formed from the quantum dot (QD), 
capture and reporter probes (reproduced from Zhang et 
For the completed nanosensor assembly, illumination of the quantum dot gives rise to a FRET 
process which results in fluorescence from the dye located on the reporter probe. The system was 
validated by testing it against clinical samples of oligonucleotides, where it was able to 
successfully discriminate single base-pair mismatches. The benefits of this technique over other 
fluorescence-based methods were also noted; compared with the hairpin approach (see section 
1.2.6, below) where background fluorescence is a major issue, the limit of detection could be 
extended to 10-15 M, which is comparable with the best conjugated polymer systems. Other 
advantages for Wang et al.'s system include the absence of pre-treatment steps for the target 
material and that no washing stages are required en route to the formation of the nano-ensemble. 
1.2.6 DNA detection by hairpin molecular beacons 
A common approach used to monitor DNA hybridisation involves a molecular hairpin; the 
principle is summarised in Figure 1.9. In this system the emission from a donor fluorophore can be 
modulated by changes in the conformation of the sensor. Hairpin molecular beacons (principle 
illustrated in Figure 1.9) represent a more recent development in this area, where a single-strand of 
DNA is modified at either end by addition of a donor and quencher species, which are typically 
incorporated into the structure of oligonucleotides using a DNA synthesiser and standard 
phosphoramidite chemistry.66,67 
Donor 
C-1)FRET or PET 
Aceeptor 
'Off State' - Quenched 
Addition of 
Complementary Strand 	  O 0 
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Figure 1.9 Structure and working principle behind the operation of a molecular beacon. 
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In the absence of target DNA material the beacons are non-fluorescent due to emission quenching 
by resonance energy transfer (RET) or photoinduced electron transfer (PET) from the donor to the 
acceptor. Quenching occurs due to the conformation of the native state of the beacon. The 
favourable it-it interactions ensure that the hairpin is closed — this forces the donor and quencher to 
be spatially close allowing energy or electron transfer. Upon annealing with target oligonucleotides 
the distance between the donor and quencher is vastly increased such that the no quenching occurs 
allowing the hairpin system to recover its fluorescence. In a new development, Kim et al. have 
detailed a molecular beacon probe that is quencher free;67 emission from a fluorophore (fluorene) 
appended to the probe was shown to be quenched by C, T and G bases (by PET) but not the A 
(adenosine) base. This system allows one to discriminate the A base along a strand but it is worth 
noting that extensive preparation of the beacons is required prior to use.67 
1.3 	Reversible fluorescence quenching: sensitive chemical and biological sensors 
Fluorescence quenching can be defined as an event in which an excited state molecule or polymer 
has its fluorescence reduced or eliminated.66 After excitation, the electron can relax rapidly from 
the higher vibrational states to the lowest vibrational state, of the electronic excited state. Several 
mechanisms can result in decay to the ground state.66 These include; excited-state reactions, 
molecular conformational rearrangements, energy transfer, electron transfer, dynamic (collisional) 
quenching, static (ground-state complex formation) quenching, solvent or quencher induced 
aggregation, non-radiative processes (internal conversion — heat) as well as a variety of trivial 
mechanisms.66 For the sake of brevity this discussion will be limited to two important classes, 
namely the interactions between fluorophores and quencher molecules as depicted in the modified 
Jablonski diagram (Figure 1.10). 
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Figure 1.10 A modified Jablonski diagram, highlighting the differences between static and collisional 
quenching and the point at which they impact the quenching process. 
The reduction in the resulting emission from the fluorophore is proportional to the concentration of 
the quenching species present and is defined by the Stern-Volmer equation68 (derived below) which 
relates the fluorescence intensity Ito the quencher concentration [Q]. 
The Stern-Volmer equation is derived by considering the emission intensities in the presence and 
absence of a quencher.66 The emission intensity is dependent on the concentration of the excited 
state species and under continuous optical excitation a constant population of the excited state 
species is established. Under these conditions, the rate of change (d[F*] / dt) of the concentration 
of excited state molecules, [F*], is zero. Differential equations describing the variation of F* 
(excited state molecules) can be defined; in the absence of the quencher, this is represented by: 
d[F*]  = f (t)— 2[P]o =0 
dt 
Equation 1 
where fit) is the constant excitation function, A (the decay rate) defines the radiative lifetime (A = 
ro-i ) in the absence of the quencher and [F*]o is the concentration of excited state molecules in the 
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absence the quencher molecules. In this case 2 includes both the radiative and non-radiative decay 
constants. In the presence of the quencher, this is modified as shown: 
d[F*  
= f (t)— (2 + k q [Q])[F s ]=0 
Equation 2 
where kq[Q] is the additional decay constant due to the quencher. The two differential equations 
can be simplified because under continuous laser excitation, the population of fluorophores in the 
excited state remains constant. Therefore, combining Equations 1 and 2: 
2[F*  1= 
+ 1 i.[Q])[F*  ] 
Equation 3 
which can be rearranged to give the Stern-Volmer equation, which is commonly written in terms of 
the emission intensities:66 
I = 	° 
1+ ksv[Q] 
Equation 4 
where /0 is the emission intensity in the absence of the quencher, I represents the emission intensity 
in the presence of the quencher and ksv the Stern-Volmer constant, which is also equal to the 
product of the bimolecular quenching constant (kq ) and the emission lifetime, ro, in the absence of 
the quencher (this discussion only applies to dynamic quenching). Using this non-linear equation 
(Equation 4), a Stern-Volmer plot of I versus [Q] allows one to extract ksv. 
The different modes for fluorescence quenching impact the relaxation pathways at different points. 
The collisional deactivation of a fluorophore results from interaction of an excited-state 
fluorophore with quencher molecules, and for solution studies is significant. For static quenching, 
a ground state non-emissive complex is formed, which, when excited, returns to the ground state 
immediately without the emission of a photon.66 In this case the value of ksv represents the 
effective binding constant for the formed complex. Experimentally this type of quenching is easily 
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distinguished from dynamic quenching by considering the relative changes in the emission lifetime 
during the quenching process; for static quenching, the ratio z°/z, remains constant (= 1) as the 
emission observed emanates from the non-complexed fraction, which is unaffected upon addition 
of the quencher.66 Additionally, if the Stern-Volmer constant obtained from intensity quenching is 
greater than that recorded using lifetime quenching measurements, static quenching is dominant.69 
If the polymer excited state has higher energy than the LUMO level of the quencher, the resulting 
electron transfer would be energetically favourable (high rates of electron transfer, with large 
negative free energies)." 
The energy transfer (ET) mechanism of emission quenching involves the absorbance of a photon 
emitted from the donor, by the acceptor. For this process to occur efficiently, good spectral overlap 
is required between the emission spectrum of the donor species and the absorption spectrum of the 
acceptor. Also important in the process is the distance between the absorbing and emitting 
molecules, with the amount of energy transfer having an inverse relationship with increasing 
distance between the two (ET 0C r-6).55 Other factors affecting the rate of energy transfer include the 
shape and directionality of transition dipoles for the donor and acceptor and the fluorescence 
quantum yield of the donor.66 
In solution, as a quencher diffuses towards a fluorophore, the resulting collision between the two 
can lead to quenching. This dynamic (collisional) quenching mechanism, like ET and static 
quenching can be described by the Stern-Volmer equation. Dynamic quenching can be 
differentiated from static quenching by consideration of the gradient of the Stern-Volmer plot 
which increases with temperature due to higher rates of diffusion which increases the rate constant 
(kq ) for collisional quenching. The Stern-Volmer constant allows one to gain an insight into the 
efficiency of the overall quenching process as values for kq can be obtained, providing knowledge 
of the radiative lifetime is known.66 
Solvent or quencher-induced aggregation can lead to emission quenching and is often observed for 
PPE polymers. Some examples are illustrated in later sections in this chapter. In these cases, it has 
been suggested that the quencher serves as template to promote aggregation of polymer chains.71  
Crucially, this increases the number of fluorophores that are within close proximity to the 
quencher, thus extending its quenching radius.72 The characteristic signature for this mode of 
quenching is a narrowing and red-shifting of the position of the absorption band and a broadening 
of the fluorescence. 
Other mechanisms to dissipate the absorbed photon energy and that may be important for 
quenching include non-radiative energy transfer (internal conversion — heat), for example, induced 
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by an external heavy-atom effect. Alternatively, a non-radiative decrease in fluorescence intensity 
may be attributed to exciton-exciton annihilation, which could be probed by observing the effect 
on the emission intensity upon varying the excitation intensity.73  
Enhanced or amplified quenching is an extremely efficient emission quenching process that has 
been thoroughly investigated in conjugated polymers by Chen et al.74 and others.75 This work 
formed the basis for such materials to be touted as potentially new biosensors. However, for this to 
be realised, the amplified quenching effect had to be observed in aqueous milieu and this was duly 
proved by several groups soon after, where a range of different CPEs were investigated with 
complementary charged quenchers.76'77 Amplified fluorescence quenching, like conventional 
emission quenching, is approximately described by the Stem-Volmer equation, which allows for 
quantification of the sensitivity of the quenching process. Importantly, for conjugated 
polyelectrolytes the two dominant mechanisms for quenching, energy transfer and electron transfer 
through complex formation (static quenching), are both described by Equation 4. The significance 
of the amplification process is best emphasised by consideration of the two systems (26 and 27) in 
Figure 1.11. 
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Figure 1.11 (a) Comparison of Stern-Volmer coefficients for the quenching of trans-stilbene and an ionic 
CPE by MV2+ (b) the photoinduced electron transfer process that occurs between CPEs and an emission 
quencher such as MV2+. 
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Typically, values observed for the quenching of CPEs by common electron acceptors such as 
methyl viologen (MV2+), AQS and metal complexes range from ksv = 106 - 108 W1.71'78 The 
equivalent quenching of trans-stilbene by MV2+ yields a Stern-Volmer constant of 15 M-1.79 
Schanze has attributed the high quenching efficiency to two effects;77 the first, ion-pairing, results 
from charge complementarity between the quencher and polymer. This effectively increases the 
concentration of the quencher that is within close proximity to the polymer. The second effect, 
centres on the nature of the excited state exciton which is extensively delocalised along the 
polymer backbone. Importantly, it can move rapidly between polymer chains due to interchain 
interactions (that result from aggregation). The combination of these effects allows the quencher to 
impact distant polymer chains, thus significantly increasing its 'quenching radius'. Indeed 
extensive investigations by Swager et a1.,76 Schanze et a1.,71 and Whitten et a1.8° has led to 
essentially all of the latest work on CPE biosensors being concentrated on a specific class of 
polyelectrolyte, namely poly(phenylene ethynylene)s (PPEs). This material is preferred because the 
singlet exciton is highly delocalised and able diffuse rapidly along and between polymer 
chains.66'71 Additionally, PPEs display high quantum yields. 
Photoexcitation of these conjugated polymers results in an excited state consisting of electrons and 
holes. The formed electron-hole pairs are called excitons (which act like particles in their own right 
with an associated binding energy).13 Fundamental studies have shown76'77'81 that the excitons in 
PPEs are highly mobile and can easily traverse the polymer chain. It is this ability of excitons to 
sample many sites during their lifetime which leads to such aggressive emission quenching, as the 
binding of the quencher at any point along the polymer backbone allows for excitons to be split 
(with an electron transferred to the quencher, leading to oxidation of the polymer). The fluorophore 
is shunted to the ground state when the electron is transferred back. The potency of this effect is 
often elegantly demonstrated by comparison of the size of the Stem-Volmer coefficients recovered 
from polymer emission quenching and model compound emission quenching. Often the model 
compound will be a small molecule analogue of the polymer, typically 2-3 repeat units in lengths. 
The differences are stark and commonly a 100-10000-fold increase in sensitivity can be observed 
for the polymeric derivative compared to the small model analogue, showing the central 
importance of the conjugation length (though appreciable polymer aggregation is vital in enabling 
the photoexcitations to delocalise between polymer chains) and exciton diffusion in quenching. 
1.4 	Conjugated polymers for DNA sensing 
From the arguments discussed so far, the relevance of DNA-detection methods that can analyse 
small quantities of genetic material in a timely fashion are obvious as is the pressing need to widen 
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the scope of such technologies. Of the methods outlined, homogeneous assays (as opposed to 
heterogeneous assays) still remain the most attractive sensing techniques due to the remarkable 
sensitivities that can be achieved. Development of homogeneous assays based on fluorescent 
conjugated polymers is a relatively new field investigated by few researchers so far. However, the 
results detailed by these groups are very encouraging, especially with respect to the ease of use of 
the systems. Moreover, detection limits are rapidly approaching those reported for the best DNA 
sensing techniques.82 There are important hurdles to overcome, for example, with respect to 
gaining a better understanding of the effect on emission properties of various biological media 
(which is the subject of Chapter Three), and such issues are being actively investigated by many 
groups including our own. In the following sections, examples of CPEs used to detect DNA strands 
will be considered along with the merits of each technique. 
1.4.1 Synthetic routes to conjugated polymers 
In order to develop generic biosensing technologies based on conjugated polymers, water-soluble 
derivatives are needed. Since the initial findings by Wud183 and Novak" in the 1990s, the 
following decade saw many reports detailing syntheses to a variety of water-soluble CPs with 
various backbones. CPs can be rendered water-soluble by attachment of ionic side-chains along the 
central polymer backbone. The newly formed polymers, known as conjugated polyelectrolytes, 
(CPEs), are commonly employed in various biosensing schemes. However, there is some interest 
in neutral water-soluble polymers as it is thought that such polymers would minimise non-specific 
interactions when used for biosensing (see sections 1.4.2 and 1.4.6). 
In this section, typical syntheses of the main classes of CPs will be considered, with a particular 
focus on water-soluble materials. In preceding sections various CPEs with different architectures 
have been shown and, thanks to recent breakthroughs in cross-coupling chemistries, most can be 
accessed, under mild conditions, from transition-metal-based catalysis.85 
Water-solubilising functional groups commonly employed include carboxylic, sulphonate, 
phosphate, ammonium and imidazolium moieties.86 It is thought that such side-chains form a 
sheath around the hydrophobic conjugated polymer backbone, thereby insulating it from the 
neighbouring aqueous environment.77 However an additional benefit involves the impact of these 
side-chains on the emission properties of the polymers, a point investigated by Schanze et al., who 
showed that by careful control of the solution pH, the aggregation of a phosphate-based PPE 
polymer could be reduced, limiting the overall impact on the quantum yield for the material as 
interchain interactions are minimised (described in Scheme 1.5).71  
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The synthesis of this category of macromolecules is varied and the description given here 
represents a brief overview of some of the more commonly used routes to polymers used for such 
applications. Most synthetic schemes involve C-C bond forming reactions promoted by 
organometallic catalysts. The main types of conjugated polymer made via this procedure are listed 
in Table 1.2. 
Table 1.2 Polymer categories and their typical synthetic routes. 
Typically these reactions benefit from mild reaction conditions, tolerance of a wide selection of 
functionalities (various ionic groups, such as carboxylates and phosphates are used)86 and solvents 
(water and DMF are commonly employed for polymerisations).86 Other important factors include 
the ability to obtain high molecular weights and the ease of synthesis of the monomers. 
1.4.2 Water-soluble poly(phenylene ethynylene)s (PPEs) 
The usual method used to prepare PPEs involves the Sonogashira coupling (a copolymerisation) of 
a dihalosubstituted aromatic molecule and a diethynyl-substituted aromatic molecule. Though 
other routes to PPEs exist, Sonogashira coupling is very widely applicable and has been shown to 
furnish many types of PPEs with widely varying substituents.86 The diethynyl-substituted 
monomers are generally prepared by Sonogashira coupling of TMSA (trimethylsilyl acetylene) and 
a dihalosubstituted aromatic molecule followed by deprotection of the TMS groups. 
Polymerisation is catalysed by Pd(PPh3)4 (Pd(0) is the active complex) or Pd(PPh3)2C12 which 
generates Pd(0) in situ.92 PPEs from Sonogashira coupling (detailed in Scheme 1.4) are light 
yellow/green in colour and are strongly fluorescent materials. The first PPE material was prepared 
by Li et al. and involved coupling acetylene and the benzoic acid derivative 29 (Scheme 1.3).93'94 
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Scheme 1.3 Synthesis of a water-soluble PPE derivative. Conditions: (i) Acetylene, Pd(0), 
Na0H/NEt3/H20, r. t., 72 h.93'94 
The mechanism for the cross-coupling reaction (described in Scheme 1.4) is similar to that 
observed for many palladium catalysed cross-coupling reactions. The metal-catalysed cross-
coupling reaction between an sp2-carbon halide and a terminal acetylene was first reported by 
Heck, Cassar and Sonogashira in 1975.95'96 Since then, the specific coupling of an unsaturated 
organic halide with a terminal acetylene has come to be known as a Sonogashira-Hagihara 
coupling92 and has been used to great effect to synthesise a variety of different CPs.86 
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Scheme 1.4 The Sonogashira mechanism; mechanistic steps involved in the palladium-catalysed cross-
coupling reaction used to make some PPE polymers.95 
The exact mechanism for the reaction remains unclear though steps common to other palladium 
catalysed cross-coupling reactions, namely oxidative addition and reductive elimination, are 
involved.85 The cycle described in Scheme 1.4, detailed by Sonogashira, involves three separate 
cycles. Cycle C is important when the source of palladium is the pre-catalyst PdC12, and leads to 
palladium (0) species 33, which undergoes oxidative addition with the aryl iodide to yield 34. The 
next stage, transmetallation, possibly occurs via a copper acetylide moiety, giving species 35. 
Reductive elimination then gives the cross-coupled product, whilst simultaneously re-generating 
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the neutral palladium (0) species. Examples of the types of PPE structures that have been 
synthesised using this chemistry are illustrated in Figure 1.12. 
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Figure 1.12 Examples of some of the complex structures that can be accessed using the versatile 
Sonogashira cross-coupling reaction. 
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The structural diversity shown by these examples highlights the wide applicability of this type of 
cross-coupling chemistry, which is also a common feature of many similar metal-catalysed cross-
coupling reactions. The formed polymers were employed in a variety of applications; Moon et al. 
used the pentiptycene derived PPE 36 in an oligonucleotide solid state sensor, with the 
incorporation of the bulky groups serving to limit self-quenching.97 Wilson et al. managed to 
incorporate the group 10 metal platinum into the polymer backbone (37).98 This allows for the 
observation of phosphorescence from a CP, which is not generally observed for such polymers. 
Introduction of the heavy metal allows spin-orbit coupling which partially alleviates the spin-
selection rules, thereby allowing transition of the triplet excited state to the ground state (singlet), 
which is normally forbidden (see section 1.1.1). This allowed them to study the Energy Gap law 
for a series of phosphorescent CPs.98 Jiang et al. were also interested in phosphorescent conjugated 
polymers and synthesised examples where a metal complex was included as a pendent unit (PPE 
38 in Figure 1.12).99 Emission quenching experiments with these materials led to Stem-Volmer 
constants of 106 M-1 being recovered for the polymers, some 2-orders of magnitude higher than 
those observed for structurally similar small model analogues. Kim et aL synthesised the sugar-
derivitised PPE 39 which was used for the sensing of Hg2+ and Pb2+  ions with moderate success; 
Stern-Volmer values of 104 M-1 were recorded.'°°  Finally, Kwan et al. made rotaxinated PPE 40, 
where the PPE backbone lies below the 'axe' of the rotaxane. This interesting structure with 
hydrogen bond acceptors, allowed for the detection of the H-bond donor phenol, which led to 
efficient emission quenching, attributable entirely to the interactions of the rotaxane groups, as 
confirmed by control experiments.1°1  
The work described so far has emanated from some of the principal researchers, all based in the 
United States, who have conducted extensive work in the area of PPE synthesis and analysis. The 
groups of Swager,76 Schanze,86 Whitten74 and Bunz85 have all produced high molecular weight 
polymers for their anticipated use in sensor devices. Their syntheses generally involve the use of 
mild Sonogashira coupling conditions in water/DMF mixtures (to aid the solubility of the 
monomers and organic starting materials) with the resulting polymers isolated by precipitation into 
a large excess of organic solvent. The next section details some examples of the types of structures 
that have been typically used in such studies. In Table 1.3, examples of some PPEs employed in 
sensing studies are described along with polymer characterisation and sensing analysis. 
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Table 1.3 Examples of some of the PPE structures used in the latest sensor designs, along with polymer 
properties. 
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For most examples where the polymeric materials are used in direct sensing experiments, 
quantification of the amplified quenching effect is achieved by synthesis of a small 
molecule/model analogue which contains the same functionality. For PPEs, molecules such as 44 
(Figure 1.13) are commonly used (effectively a 1.5 PPE repeat unit). 
IONIC 
44 
Figure 1.13 Structure of a typical small model analogue (phenylene ethynylene, PE) widely used to 
quantify the quenching enhancement observed with PPEs. 
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By repetition of the quenching experiments with the small model analogue one can easily observe 
the increased sensitivity imparted to the polymer, due to its extended conjugation length and 
associated increase in exciton diffusion range. 
Difficulties associated with acquiring satisfactory GPC data for rigid-rod polyelectrolytes are well 
documented and are generally attributed to unfavourable interactions of the polymer with the 
column packing material.103 For PPE materials the problem is further exacerbated by the rigid-rod 
nature of the polymer backbone which leads to an inherent overestimate of molecular weights.85 
These problems have inspired some inventive methods for determining the molecular weights of 
PPE polyelectrolytes; these include pulsed-field gradient NMR,194 membrane osmometry,105  
ultrafiltration,77 end-group analysis77 and agarose gel electrophoresis analysis with ds-DNA as 
standard.93 Some of these issues are discussed further in Chapter Two. 
In more recent examples, researchers have been trying to avoid the direct synthesis of water-
soluble polymers by making precursor polymers that have good solubility in organic solvents, and 
which can be converted to water-soluble derivatives by facile post-polymerisation reactions 
(Scheme 1.5a and Scheme 1.5c). The precursor polymers are soluble in organic solvents allowing 
for the complete characterisation of the materials. Also shown in Scheme 1.5b, is the effect on the 
conformational order of PPE 42 upon decreasing the solution pH. Aggregation is triggered at low 
pH values as increasing numbers of the phosphonate groups become protonated. This results in 
reduced electrostatic repulsion between neighbouring polymer chains, which leads to increased 3t-7t 
stacking and subsequent self-quenching.71  
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Scheme 1.5 Examples of post-polymerisation reactions conducted on PPE derivatives. (a) Removal of 
phosphate groups as demonstrated by Schanze et at.,71 (b) impact of pH on the conformational order of 
PPE 42 (reproduced from Schanze et al.)71 and (c) quaternisation to form an ammonium derivitised 
PPE.106 Conditions: (i) Me3SiBr, 2,6-lutidine, 1,2-dichlorobenzene, r. t., 6 h, followed by 
NaOH/H20/MeOH, 52%; (ii) C2H5Br, THF/DMSO (4:1), 50 °C, 5 d. 
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As will be discussed later (Chapter Two), the nature of the polymer backbone leads to 
overestimates of Mn and this has provided the focus of numerous studies. Recently, Bunz et al. 
calculated a correction factor that could be applied to values of M, to help estimate a more accurate 
value (thereby accounting for the overestimate) of the number-average molecular weight of such 
materials (for PPEs, they found that the value of Mn is on average 1.42 times larger than its true 
value),I07 Using the Mark-Houwink-Sakurada equation (Equation 5), the value of a would be 
expected to approach 2, the theoretical maximum for a true rigid-rod polymer." 
[77] = Kma 
Equation 5 
where [77] = intrinsic viscosity, K = constant, M = molar mass and a is a constant that depends 
upon the polymer, the dielectric constant of the solvent and the temperature.1°8 
In order to avoid problems with non-specific interactions when applied to biological systems as 
well as issues surrounding molecular weight characterisation, there has been interest in the 
synthesis of non-ionic water-soluble PPE derivatives (Figure 1.14). One common feature is the size 
of the water-solubilising groups required (e.g. the dendritic nature of the pendent group in PPE 48). 
This could be seen as a drawback when considering the anticipated mechanism for quenching, 
namely via electron transfer through complex formation, but polymers containing such branched 
units could prevent aggregation, as was achieved in the second example by Hecht et al.1°9 
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Figure 1.14 Examples of non-ionic water-soluble PPEs by (a) Swager et a1.11° and (b) Hecht et al.1°9 
The example by Hecht et al. (PPE 49) is especially promising from a sensory point of view as the 
non-ionic and non-protic design shows good water-solubility and results in a material that displays 
a high quantum yield (0.43 in water). The synthesis was backed-up by facile full characterisation 
of the polymer, which included GPC analysis indicating an X, value of approximately 30.109 
1.4.3 Water-soluble poly(para-pbenylene)s (PPPs) 
This class of polymer has high thermal and chemical stability and therefore reactions are carried 
out on the preformed polymer without degradation of the main chain. An example is the first 
sulphonated PPP derivative (53), accessed through Suzuki coupling (Scheme 1.6).111 
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Scheme 1.6 Synthesis of the first sulphonated PPP. Conditions: (i) Pd(PPh3)4, Na2CO3, H2O, THF, 
toluene, reflux; (ii) n-BuOH, n-BuONa.111  
The mechanism for the Suzuki reaction is related to other palladium-catalysed coupling reactions 
(like the Sonogashira mechanism shown in Scheme 1.4) and involves the three distinct stages of 
oxidative addition, transmetallation, and reductive elimination. 
1.4.4 Water-soluble poly(phenylene vinylene)s (PPVs) 
Syntheses of PPVs are typically accomplished using the well-established Wessling83 (Scheme 1.7) 
or Gilch112 (Scheme 1.8) routes. 
MeO 
57 
Scheme 1.7 Generic synthesis of a PPV derivative via a sulphonium ion intermediate (Wessling route). 
Conditions: (i) Base; (ii) H20/DMF; (iii) acid or base.83 
37 
Me0 
16 
Me0 
58 
OH 
CI 
CI 
III 
Chapter One 	 Introduction 
The synthesis of 57 was achieved by Shi and Wud183 in 10 steps (overall yield: < 5%) and 
optimisation of the polymerisation of 54 enabled a molecular weight (M) of 100 kDa (PDI = 16) 
to be obtained. The synthesis of the water-soluble polymer 59 represents another rapid synthesis of 
a PPV derivative. Of interest is the neutral monomer 58, which is hydrolysed during the 
polymerisation under basic conditions. 
CO2Et 	 CO2K 
O-/ 
Me0 
59 
Scheme 1.8 Synthesis of a PPV derivative via the Gilch route. Conditions: (i) Br(CH2)5CO2Et, base; (ii) 
HCI (aq.), HCHO; (iii) t-BuOK, t-BuOH/xylene.112 
The mechanism for these polymerisations is still the subject of ongoing research (with both anionic 
and radical routes having been suggested).1I3  
1.4.5 Water-soluble poly(fluorene)s (PFs) 
Poly(fluorene)s have been used as promising materials in light-emitting diodes due to their high PL 
QEs and stabilities, though electron transport in such materials is less good (lower mobilities).114 In 
addition to these uses, water-soluble poly(fluorene)s have been used as fluorophore units in 
biosensing methods based on energy cascade processes, as will be discussed.I15 The general route 
to these polymers involves Suzuki cross-coupling of suitable monomers to produce either 
alternating or random copolymers, as shown in the examples in Scheme 1.9. In part (a) Jenekhe et 
al. synthesised poly(fluorene) 63, which is a copolymer containing poly(fluorene) and quinoxaline 
units, which were incorporated into the polymer design in a bid to improve the electron transport 
properties in the PFs.116 
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Scheme 1.9 Synthesis of poly(fluorene) derivatives. (a) An organic-soluble PF for blue light-emitting 
applications116 and (b) a water-soluble variant for use in DNA biosensing.117 Conditions: (i) Pd(PPh3)4, 
toluene/2M Na2CO3, reflux; (ii) Pd(PPh3)4, toluene/2M K2CO3; (iii) NMe3, THE/H2O. 
Water-soluble derivatives are made in a similar manner to that described above, through a 
palladium-catalysed Suzuki cross-coupling copolymerisation. An example is shown in Scheme 
1.9b and in common with other palladium-catalysed reactions the polymer synthesis involves 
stirring the monomers, a diboronic ester and diarylhalide, in an inert atmosphere at slightly 
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elevated temperatures for typically 24 hours. Polymer 67, which will be discussed in more depth in 
section 1.5, was synthesised in good yield (65%) and is another example of a poly(fluorene) 
copolymer this time containing a benzothiadiazole moiety. This structural motif enabled the 
researchers to excite at a much lower energy (488 nm) and gave the polymer improved solid state 
emission properties.117 
1.4.6 Water-soluble poly(thiophene)s (PTs) 
Poly(thiophene)s have been used in a wide variety of applications from solar cells31 to highly 
sensitive biosensors for the detection of single nucleotide polymorphisms in DNA.118 The 
poly(thiothene) (72) used for DNA sensing by the Leclerc group was synthesised by oxidative 
polymerisation in chloroform, which has the advantage of yielding polymers with narrow PDIs 
(polydispersity index; typically 1.2 — 1.9), and good molecular weights (6 —10 kDa).119,120 
e  
CI 
Scheme 1.10 Synthesis of a cationic poly(thiophene) by Leclerc et .91..91'121 Conditions: (i) NaOMe, CuBr; 
(ii) NaHSO4, HO-CH2CH2-Br; (iii) methylimidazole; (iv) FeCI3, BuaNCI. 
This method for the synthesis of such materials is fairly typical and was recently exploited by 
Meijer et al. who prepared a water-soluble non-ionic poly(thiophene) (76, Scheme 1.11).122 
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Scheme 1.11 A non-ionic water-soluble poly(thiophene), as synthesised recently by Meijer et al..122 
Conditions: (i) Br2, CHCI3, 50 °C, 4 h; (ii) BuLi, then H2O; (iii) NaOMe, Me0H, reflux, 24 h; (iv) TsOH, 
ROH as solvent, 90 °C, 3 d; (v) FeCI3, CHCI3, r. t., 24 h. 
This material is of interest in the field of organic electronics as is alluded in the paper by Meijer et 
al., as one of the common challenges in conjugated polymer applications surrounds the formation 
of polymer aggregates which can limit quantum yields and hinder polymer characterisation. For 
example, Leclerc et al. described how their attempts to determine the molecular weight of the 
polymer by SEC were unsuccessful, presumable due to strong interaction of the polymers with the 
column packing material.91 By contrast, the neutral polymer 76 synthesised by the Meijer group 
was purified by size exclusion chromatography and exhibits vastly reduced aggregation, (attributed 
to the presence of the non-ionic side-chains) an advantage confirmed by detailed UV 
measurements. The number average molecular weight for this polymer was 7.9 kDa with a PDI of 
4.1 (GPC analysis conducted in water). 
1.5 	Hybrid conjugated systems for metal-ion and fluoride sensing 
So far the CPs shown have consisted of a single type of conjugated repeat unit, but there is 
increasing interest in developing systems where selective receptor units are appended through a 
small saturated tether to the main CP backbone.123 By keeping the recognition unit in direct 
communication with the CP, sensitivity is enhanced. Such polymers have been used as potential 
heavy metal sensors and many reports have been published on these as well as related 
metallopolymers.123'124 The favourable optical properties of many of the polymers described above 
have led to them being conjugated with receptor units in the main chain, which results in enhanced 
sensitivity. This results from the increased electronic communication when the ligands are linked 
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directly to the polymer. In a good example of this, a hybrid polymer (77, Figure 1.15a) with a 
repeat unit consisting of phenylene ethynylene and thiophene ethynylene subunits, showed 
increased sensitivity for Ni2+ ions, over polymer 78, which contained a methylene tether that 
served to disrupt the conjugation.125 
Figure 1.15 (a) Hybrid CPs used for metal ion detection. The increased electron communication between 
the polymer and the ligand in 77 led to this polymer having increased sensitivity compared to polymer 78 
(it was 2.6-fold more efficient).125 (b) A zinc-porphyrin PPE that exhibits emission changes upon changing 
solvent environment.126 
The binding of metal ions to the conjugated backbone can lead inter alia, to changes in the 
planarity of the backbone, which influences the degree of conjugation. Such complexation can also 
cause interesting solvent effects. The hybrid porphyrin-containing PPE 79 displayed variable 
emission on solvent changes, with electron-donating solvents leading to red-shifts in the polymer 
emission (Figure 1.15b). The large red-shifts are attributed to changes in the electron density of the 
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porphyrin, which dominates the emission spectra.126 In addition to the sensing of potentially toxic 
metals ions, the fluoride ion has also been a common target due to its importance in understanding 
plant and animal metabolism and as a by-product in the manufacturing process leading to certain 
chemical weapons.127 An elegant ion sensor was recently synthesised by Swager et al. who used 
PPE 80 (Figure 1.16) to detect fluoride ions.127 
PPE 80 
	
PPE 81 
Figure 1.16 A fluoride-ion sensitive PPE.127 
Exposure of PPE 80 to F ions (by addition of TBAF) leads to deprotection of the silyl group 
revealing a phenolate which is then perfectly set up to undergo cyclisation to yield PPE 81, which 
contains the coumarin dye in direct conjugation with the PPE backbone. Though in principle the 
high affinity of fluorine for silicon should render any silicon-containing protecting group suitable, 
the polymerisation conditions demanded the use of the more thermally robust TIPS group. The 
choice of dye was crucial to ensure efficient energy transfer from the polymer could take place (via 
the Dexter mechanism). Swager et al. used the thiophene unit to link the dye to the polymer as 
such moieties are known to be efficient at delocalising it-electron density.127 Addition of TBAF to a 
solution of PPE 80 led to a reduction in polymer emission and an increase in the emission from the 
newly formed dye. The fluorescence transformation triggered by the dye attached to the polymer is 
100-times more sensitive than for the small molecule equivalent. This is a desirable sensor format 
as it is preferable to detect a new emission signal than it is to look for a small modulation of an 
existing one.127 The authors made no mention of whether the sensor can be recycled. 
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1.6 	Biosensing using non-PPE derived conjugated polymers 
The sequence-specific detection of DNA is of widespread importance in a variety of applications 
from medical diagnostics and general research applications to therapeutic programmes like 
monitoring gene delivery.128 
As with any biosensing platform, efficient coupling of the transduction element with the sensing 
probe is often the biggest challenge. This is because information regarding the recognition event 
can be lost or altered whilst being transferred to the transducer. Conjugated polymers are an 
attractive proposition for DNA sensing as they combine efficient transduction with the potential to 
interact directly with DNA strands. 
A major breakthrough in this area was described by Chen et a1.74 in 1999 when they described how 
the luminescence from a conjugated polymer could be quenched efficiently upon exposure to 
minute quantities of an electron acceptor (quenching agent).74 In this case the polymer used was a 
water-soluble PPV derivative (57), synthesised as shown in Scheme 1.12.129 
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Scheme 1.12 Synthesis of anionic PPVs. Conditions: (i) NaOMe/MeOH; (ii) 1,3-propanesultone or 1,4- 
butane sultone, reflux; (iii) HCHO (37%), HCI, dioxane; (iv) t-BuOK, DMF, THF.129 
The significance of this work did not lie in the realisation that the emission from a luminescent 
species could be quenched by an electron deficient species (it was known that the emission from a 
stilbene dimer could be quenched by such compounds, vide supra), but in the efficiency of the 
process.74329 When quantified, the quenching process was seven orders of magnitude more 
sensitive compared to the trans-stilbene case. This finding led to extensive research being 
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conducted into how similar conjugated polymers could be used as sensing devices and the factors 
that affect their limits of detection. 
The potential to implement the ideas presented by Chen et al. in a broader sense, is an exciting 
prospect especially as current technologies in the field of medical diagnostics suffer from many 
potential drawbacks. In one such example, the selective targeting of bioanalytes is commonly 
accomplished by the ELISA technique (enzyme-linked immunosorbant assay), which though 
accurate, is time-consuming and expensive. 
An important contribution to the field of CP DNA sensors was made by Leclerc et al. who in 1997 
published work detailing the synthesis of a highly conducting water-soluble poly(thiophene) CP 
(72).128,130 In subsequent communications they explored the use of this poly(thiophene) in 
affinitychromic (where optical changes are triggered by target interaction) diagnostic schemes.131  
The cationic polymer 72, shown in Scheme 1.10, exhibits changes in its absorption and emission 
properties upon interacting with single-stranded DNA, which can be attributed to conformational 
alterations.91,120,132 
An oxidative polymerisation with FeCl3 was used to access 72, which was estimated to have a 
number-average molecular weight of 6 — 10 kDa (PDI = 1.2 — 2.9).91 As will be discussed in 
Chapter Two, performing GPC analysis on polyelectrolytes is notoriously difficult due to 
adsorption on to the column packing materia1.193 
The polymer allows the detection of single-base pair mismatches with a detection limit in the 
zeptomolar (10-21  M) range, thus highlighting the powerful ability of fluorescence-based sensors.121  
The system works as follows; in the first stage the polymer is essentially primed for sensing when 
a probe oligonucleotide strand is added to 72 (in a 1:1 ratio, based on polymer repeat units; Figure 
1.17). This addition is easily observed as there is corresponding colour change in the solution 
(from yellow, the random coil configuration, to red) and the emission band of the polymer is 
significantly quenched and red-shifted, due to increased aggregation of the polymer chains in this 
state. When in this duplex form (87a, Figure 1.17), the polymer backbone is effectively 
`straightened out' thereby extending the conjugation length which directly impacts the emission 
maximum. 
Addition of the target DNA material leads to further changes in the emission spectrum, ascribed to 
changes in the conformational structure of the polymer; the colour of the solution changes (back to 
yellow) and the emission intensity increases (five-fold increase reported) which is also 
accompanied by a blue-shift in the peak maximum. Leclerc et al. explained this second colour 
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change by suggesting that in the presence of the target material, the hybridisation results in a 
triplex ensemble (87b, Figure 1.17) where the polymer remains associated with the hybridised 
strands and adopts a helical shape.'n Circular dichroism (CD) measurements lend weight to this 
argument as they showed a signal indicating the formation of a right-hand helical conformation for 
the polymer. The formation of the triplex structure can also be tracked by emission measurements, 
as the helical triplex arrangement leads to a breakdown in the extent of conjugation, due to kinks 
developing along the polymer backbone, which leads to a relative blue-shift in the emission 
spectrum for the polymer. 
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Figure 1.17 Structure of the poly(thiophene) used together with the perceived structure of the duplex and 
upon hybridisation, the triplex (adapted from Leclerc et al.).121 
To determine the limits of this system, Leclerc el al. investigated whether the primed state (duplex 
formation) could identify single and double base-pair mismatches along a DNA strand. Indeed, it 
was possible to discriminate such polymorphisms under kinetic monitoring and the whole sensing 
procedure was completed with concentrations in the zeptomolar range and volumes totalling no 
more than 150 uL.121 Interestingly, it was discovered that the addition of the non-ionic surfactant 
Triton X-100 (0.3 mM) improved the limit of detection by an order of magnitude, which was 
attributed to the surfactant allowing the formation of more extended polymer chains in the aqueous 
environment of the experiment. I21  
46 
Human a.-thrombin 
Polymer 72 
Thrombin aptamer 
(free form) 
Quadruplex structure 
of thrombin aptamer 
ss-DNA 
(thrombin aptamer) 
Path A 
Path B 
Chapter One 	 Introduction 
A possible minor drawback for the Leclerc method is the length of time required to obtain results 
regarding DNA detection. The discrimination of single base-pair mismatches is achieved by noting 
the increase in emission signal intensity with time, through the hybridisation kinetics. This can take 
up to an hour, which given the power and ease of the technique is still impressive, but a quicker 
response time would be desirable. 
The many advantages identified in sensing for water-soluble poly(thiophene)s, combined with their 
efficiency and sensitivity prompted the Leclerc group to consider them for other detection 
schemes, such as the sensing of proteins. 
The water-soluble poly(thiophene) 72, described above, was also used to report the binding of an 
aptamer to its target (Figure 1.18). An aptamer is an artificial nucleic acid ligand which has the 
ability to bind a wide variety of analytes including metal ions, amino acids and proteins.I19 
Non-specific protein 
Figure 1.18 The incorporation of polymer 72 in the specific detection of a human a-thrombin (Path A) 
and the alternative conformational structure of 72 in the presence of a non-specific protein (Path B); 
reproduced from Leclerc et al..119 
As shown in Figure 1.18, the aptamer for the protein human a-thrombin was used in conjunction 
with poly(thiophene) 72 to sense the target (in green). The 1:1:1 complex of the target, cationic 
polymer and aptamer (path A) gave rise to orange polymer emission, which is distinct from the 
red-shifted emission (expected at ?L. = 527 nm) expected from the polymer when the polymer has a 
more rigid conformation, and hence a greater effective conjugation length. Path B represents a 
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control experiment where a non-binding protein was selected; as expected, the red-shift in the 
emission from the polymer indicated that no complex formation had occurred and therefore there 
was no specific binding of the target.119 
Similar arguments to those described previously can be used to explain the associated colour 
changes in this scheme. The red-shifted quenched state of the polymer persists in the case where 
there is interaction with the non-specific thrombin aptamer, which arises due to aggregation effects. 
When exposed to the right combination, namely the human a-thrombin target and its 
corresponding aptamer, the cationic poly(thiophene) is again luminescent and the emission blue-
shifted, relative to the quenched state. The sensitivity of this detection scheme was not as high as 
for the DNA system, though a limit of detection of approximately 10-15 M was established for this 
very practicable assay.119,128  The authors suggested that the sensor could be tailored to detect 
various protein targets by changing the ss-DNA (aptamer) to a specific binding sequence for the 
target protein. 
In a conceptually different approach, Bazan et al. have also been actively pursuing DNA detection 
schemes using poly(fluorene) conjugated polymers (polymer 88 in Figure 1.19).133 This group have 
concentrated their efforts on systems that involve a transduction process based on FRET. The 
FRET process is a through-space energy transfer and its efficiency or rate is inversely proportional 
to the distance (r-6) between the donor and acceptor.66 
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Figure 1.19 (a) structure of the conjugated polymer used by Bazan et al. and (b) a diagram (by Bazan et 
a/.)133 detailing the overall process of FRET in the three-component system.133 
In the positive test, the Forster energy transfer condition is met and subsequent excitation of the 
polymer results in emission from the dye fluorophore (fluorescein was used as its absorption 
profile overlaps with the emission profile of the polymer). In the negative test, when the 'incorrect' 
(i.e. non-binding) target is present, complexation with the polymer exists, but efficient FRET 
cannot occur (due to an increased distance between the polymer and dye), and there is no emission 
from fluorescein.133 
In a recent contribution Bazan et al. detailed RNA-protein detection, using a three-component 
system; a cationic CP (conjugated polymer), a protein probe and the complementary charged target 
RNA.133 In many respects the overall system is similar to that described by Whitten et al. (section 
1.6); binding of the correct (target) RNA sequence to the protein probe (with a tethered fluorophore 
molecule), allows efficient energy transfer (FRET) from the polymer to the fluorophore which 
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signals the detection of the analyte. If the RNA sequence is not bound by the probe protein, the 
FRET process cannot occur and there is no emission from the fluorophore. Typically, the probe 
used is a PNA (peptide nucleic acid) strand which is favoured over DNA probes as the absence of 
negatively charged phosphate groups affords tighter binding of the target with the probe as 
detrimental Coulombic repulsions in the formed duplex are eliminated. This allows for the 
formation of complexes of greater stability.134 Additionally, the resulting duplex suffers greater 
destabilisation when mismatches are incorporated into the structure, thereby accentuating the 
detection of such defects.135 PNA, a neutral analogue of DNA, differs in two ways from DNA; as 
well as an absence of phosphate groups (replaced by polyamide backbone), the nucleobases are 
incorporated via a methylenecarbonyl linkage.136 The bases are the same distances apart as in 
standard DNA. The overall detail of the sensor operation is shown in Figure 1.19 alongside the 
polymer used. 
In a logical extension to this work, this group also designed a simple DNA sensor based on the 
shuttling energy transfer process. Bazan et al. describe a sensor which is able to detect ss-DNA 
through a cascading energy transfer process illustrated in Figure 1.20.137 
(a) 	 (b) 
Figure 1.20 The cascading energy transfer processes involved in ss-DNA detection using Bazan's 
poly(fluorene)-based system (reproduced from Bazan et al.).137 (a) In the presence of the complementary 
strand, two energy transfers occur leading to emission from the intercalator and (b) with the non- 
complementary target, only transfer to the appended fluorophore occurs. 
Exciting the conjugated polymer (the same poly(fluorene) derivative used previously, 88, shown 
schematically in blue in Figure 1.20) led to an initial energy transfer to a fluorophore appended to 
the probe ss-DNA, which then induced energy transfer to an intercalator, ethidium bromide (EB), 
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which was located within the formed ds-DNA strand (Figure 1.20a). In the second case (Figure 
1.20b), the presence of a non-complementary strand (in black) precluded such complex formation 
and no emission from EB was observed. 
Bazan et al. further exploited their poly(fluorene) CPs by introducing a mixture of meta and para 
linkages into the polymer backbone and performing energy transfer experiments as detailed above. 
They noted an improvement in the efficiency of the FRET process upon incorporating increasing 
meta linkages into the polymer backbone.138 They attributed this trend to improved binding of the 
synthetic polymer to the secondary structure of DNA, which results in increased FRET efficiencies 
(consistent with shorter distances between the polymer and dye-labelled DNA).138 In a further 
refinement of the process, a more recent report139 details a process where these polymers can be 
used to emit three specific colours based on whether there is complementary, non-complementary 
or a complete absence of any DNA material in solution. The polymer used for this technique, a 
poly(fluorene) copolymer derivative containing benzothiadiazole units (polymer 67), has its 
emission controlled by the concentration of the polymer in solution. By introducing small 
quantities of different monomers during the polymerisation, the usual blue (poly(fluorene)) 
emission from the polymer is disrupted. At higher concentrations, emission is dominated by these 
new green units (emission from the benzothiadiazole). Upon addition of different DNA material, 
aggregation effects determine the colour of the emission observed, with the perfectly 
complementary strands leading to efficient FRET processes.115'139 
These researchers also showed that this polymer could be used for strand-specific DNA detection 
by using the excellent solid state emission properties of the benzothiadiazole units. In a recent 
report,117 polymer 67 was used in the solid state to detect complementary strands through 
sensitised emission to a dye-labelled probe strand. The unique optical properties of the polymer 
allowed for excitation at long wavelengths (488 nm) which allowed this traditionally 'blue' 
poly(fluorene) to emit at wavelengths that were compatible with the dye probe, a condition 
essential for efficient FRET. Additionally, it was found that hybridisation of the polymer with the 
target strand and the PNA probe on a glass or silica surface could be achieved without the need to 
label the probe strand. By monitoring the emission intensity from the polymer, Bazan et al. noticed 
that the emission from 67, in the case of complementary binding, was approximately five-times 
more intense as compared with the binding of non-complementary strands. This potentially allows 
for further simplification of the FRET-based system favoured by this group.117 
In addition, the DNA-induced aggregation of polymer 67 has recently been used to determine the 
concentration of ss-DNA and ds-DNA.14° 
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1.6.1 Biosensing using PPE derived polymers 
There are presently many examples of conjugated polyelectrolytes based on a PPE backbone being 
used in biosensing schemes. Amongst the many groups working on PPE biosensors, those led by 
Schanze, Swager, Whitten and Bunz have been at the forefront of many of the developments in this 
area of research.76,85,86,141 
A recent example of a PPE derivative used for the detection of DNA was demonstrated by Hancock 
et al. in 2003.97 Particles of PPE 36 (Figure 1.12) were dispersed in aqueous solution by phase 
inversion techniques. These particles have the advantage of allowing for increased three-
dimensional exciton migration, which leads to increased sensitivity and enhanced quenching, 
reducing the detrimental impact of reduced emission through different forms of aggregation. 
Titration of a modified (cyanine-labelled oligonucleotide, with 16 bases) DNA strand, which is 
able to quench the emission from the polymer by continually shunting excitons to the ground state, 
led to a ksv of 8.8 x 107 M-1. As was stated by the authors, such sensitivity combined with the ease 
of fabrication of the solid state device could lay the foundations for an automated DNA sensing 
platform with these polymers, though no indication of the selectivity for such a system was 
described.97 
Prior to the disclosure by Hancock et al., Whitten et al. were also looking at methods for the 
fabrication of PPE-based DNA sensors that could be used in a solid state format.141 They opted for 
polymer-coated beads and used biotinylated PPEs coated onto streptavidin-derivitised polystyrene 
microspheres. Their method utilised a biotinylated-capture probe, which binds to a microsphere 
and serves to capture a quencher-modified target strand. Inevitably, this led to dimming of the 
CPEs emission upon hybridisation and by doing several assays to establish a relationship between 
the quenching ratio and the quantity of target strands, they constructed a calibration curve that 
allowed unknown amounts of oligonucleotide target material to be measured.123,141 In later results, 
this group optimised their detection system by using PNA detection strands (as probe sequences) as 
many studies have shown that they form stronger duplexes with target sequences due to the 
absence of phosphate groups along their backbone.123,142 
Schanze et al. demonstrated selective protease sensing using a water-soluble PPE derivative, 
similar to those synthesised in this work (see Chapter Two).143 Their technique demonstrates the 
broad applicability of conjugated polymers for the detection of biomolecules and in their most 
recent work they show how the polymer, which serves as the transduction element, can be used in 
two differing methods dubbed, the `turn-on' and 'turn-off' approaches (Figure 1.2 1).143 
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Figure 1.21 Schematic representation of the quenching processes as defined by Schanze et al.;143 (a) 
with PPE 41, the `turn-on' approach,144 (b) the 'turn-off' approach (for PPE 89). 
The two approaches can be summarised thus; in the former (Figure 1.22a), a cationic peptide 
labelled with a strong quencher (90), ion-pairs with the polyelectrolyte which serves to suppress 
the luminescence from the polymer. When the polymer/quencher mixture is exposed to a 
proteolytic enzyme, the emission quenching unit (90) is hydrolysed and when separated from the 
peptide, is prevented from ion-pairing with the polymer; luminescence from the polymer is 
therefore recovered. 
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Figure 1.22 Polymers and quenchers used in (a) the `turn-on' approach and (b) the 'turn-off' approach.143 
The latter approach (Figure 1.21b & Figure 1.22b) involves a different polyelectrolyte (PPE 89); 
luminescence from this polymer is suppressed upon exposure to a protease.143 A solution 
containing the polymer and a 'masked variant' of the quencher (91) are prepared and in this state 
the luminescence properties of the polymer are unaffected. Upon exposure to a specific protease, 
amide hydrolysis is induced which activates the quencher (forming 92). In the nanomolar range, 
this quencher efficiently decreases the luminescence from the polymer. Interestingly, this second 
quencher also has a different mechanism for luminescence quenching, whereby good spectral 
overlap of its absorption profile in the emission region of the polymer allows efficient resonance 
energy transfer (FRET).66 By monitoring the emission intensity from PPE 89 a gradual decrease 
(over 30 minutes) was observed, after addition and incubation of the proteolytic enzyme papain. 
Stern-Volmer constants for the quenching observed between 90 and PPE 41 were found to be in the 
range of 106 — 107 M-1 comparable with those obtained from their previous work and they found 
that increasing the strength of the buffer solution diminished the quenching efficiency, an expected 
result given that the main mechanism for emission suppression is ion-pairing (static quenching) 
which is based on Coulombic interactions. 
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Independently, the Whitten group also used CPEs to track the activity of an enzyme and showed 
that the modulated emission from polymers like PPE 41 could be used to monitor phosphatase or 
kinase activity.102 The system is comprised of several parts; for studying phosphatase enzymes, 
PPE 43 was absorbed onto positively charged microspheres which have the ability to complex with 
Gal' ions. This ensemble can then associate selectively to phosphorylated peptides and proteins. 
The key to this approach is the ability of the polymer/microsphere/Ga3+ ensemble to retain its 
emission properties. The system is summarised in Figure 1.23.102 
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Figure 1.23 Description of Whitten's enzyme assay technique; (a) the PPE employed in this sensor, (b) 
mode of operation of the system (reproduced from Whitten et al.).102 
Whitten et al. modified the peptide they used such that it contained a rhodamine dye, which can 
effectively quench the emission from the polymer with a Stern-Volmer constant of 107 M-1. 
Importantly, this quenching only occurred when PPE 43 was used thus proving that the Ga3 ions 
were bound to the polymer by the carboxylic acid groups (confirmed by control experiments 
involving PPEs that did not contain the carboxylic acid groups). The assay developed here allowed 
for the observation of kinase activity as the presence of the enzyme led to phosphorylation of 
peptide substrates that were then bound selectively by the polymer-microsphere assembly, leading 
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to emission quenching (i.e. the detection was monitored as a 'turn-off' effect), I°2 These researchers 
showed that their system could be used to monitor a wide range of kinase assays and the sensitivity 
of the system, as judged by IC50 values (concentration of the inhibitor that is required for 50% 
enzyme inhibition), was comparable with other literature values.102 The versatility of the assay 
system was increased by enabling any unmodified peptide to be used, with a corresponding 'turn-
on' effect being observed. 
00111411" 	
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Figure 1.24 Extension of the original Whitten enzyme assay system; application for the detection of 
unmodified proteins and peptides (reproduced from Whitten et <30.1°2 PKC = protein kinase C, myelin 
basic protein (MBP) is a small (18.4 kDa) protein. 
The idea for this kind of assay is described in Figure 1.24; the phosphorylation action of the kinase 
enzyme leads to a product that can preferentially bind to the polymer-coated microspheres 
therefore blocking the quenching action of the modified tracer peptides.102 The principle was tested 
for a small protein substrate and found to be effective albeit slightly less efficiently than the 
previously described assay, which was explained by inefficient blocking. The overall advantages 
for the assays developed by this group are quite clear; the direct approach employed means that 
any sample pre-treatment is avoided, which increases the simplicity of the PPE method and as was 
indicated, the overall performance of the assay is very similar to that seen for commercial systems 
(in terms of sensitivity). 
In related work, Whitten et al. also detailed an alternative sensor format (Figure 1.25) that allowed 
the detection of proteolytic enzymes, this time by incorporating a reactive peptide sequence into a 
tether linking the quencher to biotin (in green).8° This allowed Whitten et al. to use the reliable and 
well-documented biotin-avidin interactions to draw the biotin-quencher unit towards the avidin- 
56 
Fluorescent Polymer 
Coated Microspheres 
Biotin Binding Protein 
• 41( • 	 SO ▪ Enzyme 
Chapter One 	 Introduction 
containing polymer, triggering strong quenching. The sensor system can then work in two ways; in 
the absence of association or an interaction with a target enzyme, the emission from the polymer is 
quenched, due to the proximity of the quencher to the polymer. Alternatively, a positive interaction 
of the target with the polymer-tether system, leads to cleavage of the tether which is then 
accompanied by a concomitant increase in the emission from the polymer.8° 
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Figure 1.25 A method developed by Whitten et al. and based on biotin-avidin interactions, to detect 
proteolytic enzymes (reproduced from Whitten et a/. ).8°  
For this sensory scheme Whitten et al. employed biotin-functionalised PPE derivatives and in the 
experiments described, Stern-Volmer constants of the order 7.7 x 107 M4 were reported (typical 
values for these systems are 106 i08 N4-5.80,145 
Bunz et al. have also made use of the strong binding constant associated with biotin-avidin 
interactions and produced a biotin-substituted PPE (95 in Figure 1.26) derivative that allowed them 
to study the interactions of such polymers with bacteria.146 In their model system they used a 
streptavidin-coated polystyrene bead to mimic a cell surface/bacterium with the subsequent 
polymer-bead interaction then representing the cell-wall recognition process. 
57 
(a) 
PPE 93 
Chapter One 	 Introduction 
OH 	 0 	4, OH 	 4 0—Biotin 
'20 20 
15-20 	 )7-10 
O 	 PPE 95 
HN NH 
CI 
(b) 
94 
Figure 1.26 (a) A PPE derivative used by Bunz et al. in an quenching experiment mimicking cell-surface 
interaction; (b) the photograph (from Bunz et al.)146 illustrates the aggregated polymer/microsphere 
moiety (left-hand side vial) and the emission observed from the unbound polymer (right-hand side 
vial).146 Conditions: (i) 94, THF, 0 °C. 
Upon addition of the streptavidin-coated polystyrene beads to a solution of PPE 95, a polymer 
precipitate was isolated from the solution which was attributed to the biotin-streptavidin binding.146 
In similar work the same group were able to synthesise the mannose-decorated PPE 96 in 95% 
yield (Figure 1.27) and were able to acquire GPC data in DMF 	= 22 kDa, by 1H NMR, Mn = 
62 kDa, by GPC, PDI = 1.5).147 Such sugar-coated materials are of interest in a variety of areas of 
research, such as heavy metal sensing,148 as they can potentially impact cellular activity through 
cell-surface interactions.149 Bunz et al. made a concanavalin A (ConA) detector based on PPE 96 
and assessed its ability to sense ConA via emission quenching experiments (a Stern-Volmer 
constant of 5.6 x 106 M-1 was recovered).147 In control experiments, no quenching of PPE 96 was 
observed upon addition of bovine serum albumin or jacalin (a galactose-binding lectin) confirming 
good specificity."' 
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Figure 1.27 Mannose-substituted PPE used by Bunz etal. to detect the lectin ConA.147 
PPEs 95 and 96 indicate the subtle synthetic variations that can be important for building polymers 
for biosensing. Bunz notes that the synthetic route to PPE 96 is advantageous as it avoids post-
polymerisation functionalisation steps (no need for cleavage of the acetate groups that were used to 
protect the alcohols as these were removed under the basic conditions of the polymerisation 
process) which can give rise to incomplete reactions and introductions of defects along the 
chain.147 
However, post-polymerisation reactions are sometimes desirable since they allow a parent polymer 
to be adapted to detect different analytes through the attachment of different receptor units. Swager 
et al. used conjugated polymer PPE 98 (Scheme 1.13) to monitor the performance of an enzyme in 
solution and looked at the effects of surfactant and pH on its emission properties.1°3 The polymer 
was synthesised using Sonogashira chemistry with the peptide portion synthesised by solid-phase 
techniques and subsequently coupled to the polymer using the coupling agent EDAC and N-
hydroxysuccinimde. 1°3 
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Scheme 1.13 Swager's post-polymerisation reaction to obtain a `turned-off peptide-substituted PPE 1°3  
Conditions: (i) EDAC/NHS, (ii) AcHN-Lys(DNP)-GPLGMRGLGGGGLys-OH. 
Importantly, the presence of the PEG side chains renders PPEs 97 and 98 water-soluble. As 
mentioned previously, for biological applications this feature can be useful, as non-specific 
interactions can be avoided.103 Prior to attaching the peptide chain to PPE 98, the ability of the 
quencher (dinitrophenyl moiety) to strongly suppress the emission from the polymer was 
investigated and subsequent Stern-Volmer analysis indicated that modest quenching occurred with 
ksv = 5.8 x 104 M-1 in un-buffered water.103 Addition of salt-containing buffered solutions or 
surfactants led to a decrease in the efficiency of the quenching process. The protease assay that was 
proposed by Swager et al. can be summarised as shown in Scheme 1.13. The addition of the 
enzyme trypsin (which specifically hydrolyses peptide bonds at the carboxyl side of lysine and 
arginine residues) leads to scissoring of the peptide bond in the arginine residue (R) indicated in 
Scheme 1.13, which results in fluorescence recovery as the dinitrophenyl quenching moiety is 
removed from the vicinity of the polymer backbone. In practice this result was indeed observed, 
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with an increase in the fluorescence of one order of magnitude being recorded after the addition of 
the enzyme.'°3  
In a conceptually different application for water-soluble PPEs, Whitten et al. reported the use of a 
cationic PPE as a white-light triggerable biocide.15°  In this system, PPE 99 (Figure 1.28) was 
coated onto an anionic microsphere, in order to have the polymer on a supported format. The 
mechanism for bacterial destruction was thought to be an entirely photoinitiated process, and was 
found to be specific for white-light excitation; excitation with yellow light for example was found 
to have no effect (presumably due to reduced absorption).15° The researchers looked at the relative 
effect on bacterial survival rates with polymer concentration. It was found that increasing the 
polymer concentration beyond 30 µM, led to a 66% reduction in the ability of the polymer to act as 
a biocide, compared to the effectiveness at sub-micro molar concentrations where a 38% reduction 
in bacteria colonies was recorded. The reason for the concentration-dependent activity was related 
to the polymer possibly being able to undergo significant self-absorption, thereby insulating the 
bacteria from the absorbed light. 
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Figure 1.28 The cationic PPE used by the Whitten group as a biocide.15° 
To test this theory and identify possible mechanisms for the light-induced biocidal activity, Whitten 
and co-workers looked at the effect and behaviour of two dye molecules, methylene blue (MB) and 
rose bengal lactone (RBL), when used for the same application. They found that under white-light 
illumination, the dyes had a similar biocidal effect at concentrations of 10 µM and attributed the 
mode of destruction of bacteria to an established effect whereby the dyes and polymers were 
considered to act as singlet oxygen sensitisers. This very reactive form of oxygen is known to be 
lethal to cells.I51 The mechanism of action is therefore similar to that observed in photo dynamic 
therapy (PDT) where, for example, porphyrins are used as sensitisers for the generation of singlet 
oxygen, which is the active species in PDT.152 
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One of the goals of our research program was to develop a CPE that could selectively detect DNA 
and identify single nucleotide polymorphisms (SNPs). This could be achieved in a manner similar 
to that described by Leclerc (vide supra) or by adapting the polymer structure in a way that directly 
incorporated the recognition elements in the polymer architecture. An example of the latter 
approach was reported by Tan et al. at the beginning of 2005 where a PPE derivative (based on 
PPE 41) was attached to a single-stranded oligonucleotide by effectively end-capping the polymer 
with a 51-dU base (see Figure 1.29).153 To aid separation of the DNA-polymer conjugate, the 
oligonucleotide was attached to a solid support (controlled pore glass, CPG) and the Sonogashira 
polymerisation carried out in the same way as for the solution state reaction, using typical reaction 
conditions (stirred under an argon atmosphere, at room temperature for 24 hours). 
DNA synthesis 
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Figure 1.29 The process to end-cap a growing PPE chain with a DNA sequence; the final product is 
anchored to a solid support thus allowing for easy separation of the polymer post-reaction (reproduced 
from Schanze et al.).153 
Evidence for the successful formation of the polymer-DNA construct included emission 
experiments (the emission maximum was at 455 nm in methanol). A control experiment in which 
the key 5I-dU base was omitted and the polymerisation carried out in the same way, led to no 
fluorescence being observed. Further evidence included mass spectrometry and gel electrophoresis 
(using 0.5% agarose gel) that showed migration of the DNA-PPE structure with the new bands 
being assigned to the DNA-PPE structure and free DNA. The functionalised polymer was used as a 
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biosensor in the form of a molecular beacon; the basic mode of operation of the system is shown in 
Figure 1.30. 
No RET 
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Figure 1.30 Principle of operation behind the polymer molecular beacon designed by Tan et al:153  
Tan et al. believed that the major advantage for this system would centre on the enhanced emission 
quenching of the polymer. The energy acceptor DABCYL was used as the emission quencher and 
incorporated into the polymer synthesis in-place of the CPG unit. The ability of this quencher to 
suppress the emission from the polymer was measured in free solution and a Stern-Volmer constant 
of 4 x 106 M-1 was obtained, a value typically recorded for the superquenching effect for these 
polymers. The result ensured that the formed molecular beacon performed well when exposed to 
the target sequence, with the hybridisation of the target evidenced by a relative increase in 
emission of 104 — 105 (for a five-fold excess of the target). More dilute solutions of the target led to 
slower reaction profiles. Overall, this sensory scheme has several salient features; there is a clear 
change in the emission profile upon addition of the target material and importantly no need for 
target pre-treatment. Additionally, it should be possible to detect SNPs with the beacon, though this 
was not probed by the investigators. One aspect that would require analysis is whether the presence 
of the anionic sulphonate groups on the polymer backbone, would lead to non-specific interactions 
with other non-target materials in solution, a problem that could be overcome by using a non-ionic 
PPE. 
The successes for PPE-based polymers described in this section clearly demonstrate the huge 
potential that such polymers possess for biosensing in general. However one crucial point that has 
yet to be addressed concerns the potential for non-specific interactions between the polymers and 
biomolecules which could lead to significant quenching or other optical changes, and result in a 
confused output for the observer seeking to target one particular type of molecule in a solution 
composed of many differing types. This important potential pitfall for polymer-based biosensors 
was recently given thorough consideration by Bunz et al. who noted that the anionic sugar-
derivitised water-soluble PPE 102 exhibited interactions with a wide range of proteins which led to 
strong fluorescence quenching (Scheme 1.14).154 
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Scheme 1.14 (a) Synthesis of an anionic sugar-substituted PPE for use in a protein detection study and 
(b) an anionic PPE polymer and small model analogue (phenylene ethynylene, PE) used by Bunz et al. 
in the same analysis.1" Conditions: (i) Pd(PPh3)2C12/Cul, NEt3, CH2Cl2; (ii) NaOH/MeOH. 
For the commercially available proteins investigated by Bunz et al., it was found that Stern-Volmer 
constants were in the 103 - 107 Nil range, which represents moderate to strong quenching. This lack 
of selectivity highlights a potential problem that CPEs may encounter when attempts are made to 
implement them in biosensory schemes, as real biological mixtures may contain one or more of 
these elements which would make the use of such materials difficult. In addition, it was found that 
the protein BSA (bovine serum albumin) had a similar effect on the emission of PPEs 89 and 102, 
to that of a surfactant, i.e. its addition led to an increase in the emission intensity from the polymer. 
Bunz et al. attributed this to the surfactant-like properties that this protein is known to possess.'54  
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The result reveals an added complication that could be encountered with real biological mixtures, 
which would have to be carefully considered when implementing CPEs as biosensors. During their 
investigation, this group used small model analogue PE 103 in order to quantify the beneficial 
quenching effects expected to be observed by the polymer. The large (up to 1000-fold increase) 
quenching enhancement recorded was ascribed to multivalency effects for the binding of the 
polymer to the proteins.100,154 
1.7 	Important criterion in selecting conjugated polymers for biosensing 
To date, the main classes of polymers used for DNA detection are the poly(thiophene)s and 
poly(fluorene)s and there is a considerable body of work, some of which has been detailed here, 
dedicated to the findings of DNA sensing experiments in this area.115'128 To vigorously interrogate 
biological systems, synthetic polymer sensors have to function in the complex aqueous milieu that 
such materials are found in and this provides the first challenge when deciding upon the overall 
polymer structure best suited for the task. 
In the first instance, water-solubility is one of the main criteria for selecting a suitable polymer for 
sensing of analytes, along with high fluorescence quantum yields and low detection limits, as 
approximated by the Stern-Volmer constant. 
In addition to this, careful inspection of the emission spectra from such polymers can allow one to 
discern differences upon interaction with biological substrates as was demonstrated by the Leclerc 
group (section 1.5). Other important factors include the nature of the synthesis and whether it is 
amenable to optimisation in order to obtain high molecular weights. This might be of critical 
importance as a long persistence length, can impact the potential diffusion range for the exciton, 
which is directly related to sensitivity. For example, PPEs have a persistence length of 15 nm (20 
PE repeating units)85 but migration of excitations between polymer chains (intermolecular motion) 
is now known to be just as important as migration along a single polymer chain.140 As a result, it 
may be possible to tune sensitivity of a CP by varying the solvent conditions as to facilitate exciton 
motion, by enabling neighbouring chains to electronically communicate with each other. 
The chosen polymer would also have to emit in a region of the spectrum that is easily observed, to 
simplify the analysis and characterisation. In this case the preference was for a polymer that would 
emit in the yellow/green region of the spectrum (= 450 — 600 nm). 
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As was recently noted by Swager, one of the main proponents in the field of conjugated polymer 
sensors, 'sensitivity without specificity is nothing'.155 In order to distinguish different types of 
biomolecules in solution, probe (receptor) strands are necessary and in most of the recent examples 
of CP sensors for DNA, these have tended to be complementary strands of DNA. This allows for 
optimal interaction with the target intended for detection, which minimises instances of 'false 
positives' when detecting target material from a broth of various analytes. 
In order to select a suitable polymer backbone for the fabrication of a highly sensitive emission 
sensor, we focused on two main points; the ease of synthesis and the resulting fluorescence 
quantum yields and Stern-Volmer constants. In this regard PPEs were the most promising class of 
polymer to be considered as there was considerable evidence in the literature of their high 
sensitivities when used in emission quenching, as has been documented by Schanze,86 Swager51'81  
and Bunz85 amongst others. The highly delocalised nature of the singlet exciton directly impacts 
the Stern-Volmer coefficient (that are usually in excess of 106 WI) as is illustrated by their 
comparatively high values. The materials can be accessed via robust palladium cross-coupling 
chemistry and give polymers of moderately high molecular weight (Mn = 20 — 100 kDa).77'1°6 
Having carefully selected the class of polymer for applications in biosensing, the next important 
issue concerned the synthetic route to the polymer and whether it could be broadened to allow for 
more structurally demanding motifs to be included. The Sonogashira copolymerisation that we 
sought to use to construct these materials is tolerant to a wide range of functional groups (e.g. ionic 
functional groups; sulphonate, carboxylate, phosphonate, ammonium),86 which is important as one 
the longer term aims of the project involves the introduction of more selective side chains along the 
polymer backbone. This idea is summarised in Figure 1.31. 
Generic PPE Structure 
R 	 R' 
R and R' = connection via an alkoxy or alkyl linkage. 
Appended functional groups could then include; -S03, -0O2, 
-NMe3+, and/or alkyl chains. 
Figure 1.31 Structure of the target PPE polymer sought. 
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In theory, the pendent side-chains of the polymer backbone should allow for elaboration on the 
monomer units. This would permit the use of more complex monomers to be employed in the 
copolymerisation to furnish various PPE architectures. 
In our intended detection scheme, we wanted to optimise the direct interaction between the 
synthetic polymer and DNA; we aimed to minimise or eliminate the need for probe modification, 
by using a functionalised polymer that can selectively bind to the diphosphate ester groups along 
the DNA backbone. The probe can then be another DNA strand thus allowing for interchangeable 
DNA probe strands and hence wide applicability and selectivity. Ultimately the intention is to 
identify SNPs with this optical-based sensing system, driven by proof-of-concept studies detailing 
the high sensitivity of these polyelectrolytes for potential use in such applications. 
This approach differs from previously described strategies for DNA sensing, as we intend to tailor 
and optimise the design of the polymer specifically for DNA sensing. In the DNA detection 
technique used by Bazan et al. (section 1.6),I33 the emphasis was on maximising the efficiency of 
the ET process between the polymer and the dye-labelled probe sequence. The poly(fluorene) used 
had a simple purpose; to draw together, via electrostatic interactions, the probe strand to a distance 
small enough to allow efficient FRET to occur. Similarly, Leclerc's use of poly(thiophene)s for 
detecting SNPs hinged on the direct interaction of an un-optimised polymer.'2 ' By using the known 
and highly sensitive PPE polymers and engaging in structure optimisation, we hoped to develop a 
more sophisticated, purpose-built sensor. 
In this Chapter, an outline of the myriad of uses for CPs in a variety of applications has been 
discussed. In addition to the early uses for such materials, in for example LEDs and solar cells, 
newer technologies centred on biosensor advances have received particular attention. The use of 
such polymers in various biosensor devices has also been reviewed and the salient features 
fluorescence-based sensors highlighted. The various synthetic routes to CPEs were illustrated and 
the versatility of the reactions used to derive such structures confirmed the potential to elaborate on 
a given polymer design (for example see Figure 1.12). Examples of biosensing schemes for the 
detection of enzymatic activity, untreated DNA, proteins as well as biocidal activity revealed the 
vast array of potential uses for these materials. 
Chapter Two describes the synthesis and analysis of first generation CPEs including optimisation 
of the Sonogashira polymerisation using neutral PPE derivatives. The properties of second 
generation polyelectrolytes are illustrated in Chapter Three, where the impact of surfactants on the 
emission quenching properties and QEs of the polymers are considered. Presented in Chapter Four, 
are results on the sensing properties of novel guanidinium-containing PPEs and PEs. The response 
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of these materials was shown to be much more sensitive to oppositely-charged quencher molecules 
than traditional alkoxy-derived PPEs and PEs. This effect was attributed to the distance separating 
the conjugated backbone and the recognition unit. Finally, in Chapter Five, the initial findings on 
the use of PPEs and PEs for single-stranded DNA detection are described. 
The research programme sought to identify suitable PPE structures that could be used for the 
sensitive and selective biosensing of DNA oligonucleotides, which could be synthesised from 
commercially available starting materials in relatively few steps. It was hoped that the resulting 
polymers could also be used in other biosensing schemes, for example monitoring enzyme activity 
and that selectivity through the judicious attachment of discriminating side chains/groups would 
allow for the further enhancement of the biorecognition process. Reported herein are the findings 
of our investigations. 
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2 	First Generation Polyelectrolytes and Polymers: Synthesis and Sensing Assessments 
2.1 	Introduction 
The literature survey presented in Chapter One illustrated several useful strategies that have been 
employed to construct sensors using conjugated materials. The favourable properties of water-
soluble CPs have driven considerable interest in the use of these materials as sensors for 
monitoring biological processes including hybridisation events and enzymatic activity in 
challenging biological media such as blood, urine and saliva.l'2 A variety of techniques to 
interrogate analyte-receptor responses using such sensors based on changes in conductivity, 
absorption, chemical potential and more recently emission have been described with varying levels 
of success. 
CPs, and in particular water-soluble ionic CPs, have been successfully applied as chemical sensors 
in a number of studies. For instance: Leclerc et al. have described the use of a conjugated 
poly(thiophene) derivative for the ultra sensitive detection of unmodified DNA, achieving 
detection limits in the zeptomole (10.21 M) range;3 Bazan et al. have successfully functionalised 
poly(fluorene)s that were then employed as optical reporters for hybridisation events;4 Whitten et 
al. have demonstrated the use of poly(phenylene ethynylene) (PPE) polymer-coated microspheres 
for the detection of oligomeric DNA strands in a 'turn-on' assay;5 and Schanze et al. have tracked 
the activity of enzymes' and detected glucose derivatives using anionic PPE derivatives.2 
On the basis of these and other studies, PPEs have emerged as the pre-eminent class of CP 
biosensors. This is primarily because they undergo exceptionally strong fluorescence quenching in 
the presence of electron deficient species, with ksv values commonly in the range 105-108 A4-1,6,7 
with some reports detailing Stern-Volmer constants as high as 1010 M-1 for the quenching of 
cationic poly(fluorene)s by gold nanoparticles.8 
The emission from PPEs can be quenched by the addition of a variety of complementary-charged 
acceptor molecules,"° with static quenching considered to be the dominant quenching mechanism 
due to the large size of the observed Stern-Volmer constants and the short, concentration-
independent lifetimes of the excited states.11'12  The strong quenching observed in PPEs has been 
attributed to the extensive diffusion range of photoexcited excitons, which have a high probability 
of undergoing deactivation at a bound quencher site as they migrate along the polymer backbone. 
In the case of PPEs, the de-excitation mechanism is thought to involve electron transfer from the 
singlet excited state (LUMO) of the polymer to the LUMO level of the electron acceptor.6'9 Other 
advantages for PPEs, in addition to their relative ease of synthesis, include their high 
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photoluminescence (PL) efficiencies in solution and their strong response to a wide range of 
quenchers.12'13 The quenchers directly associate with the polymer chains and this combined with 
the high mobility of the excitons, allows these excited states to quickly diffuse along or between 
polymer chains to the quencher molecule. These characteristics make them ideally suited for use as 
optical reporters in recognition events. 
In this work, we aimed to develop new material systems and strategies that would allow high 
Stern-Volmer constants, and hence high sensitivity detection, to be achieved even in high ionic 
strength buffered media. 
Detailed herein, are our findings on the emission techniques we believed would be best suited to 
achieve the aims discussed previously along with a general critique of the challenges that were 
encountered. 
2.1.1 First generation polyelectrolytes: synthesis and sensing assessments 
The poly(phenylene ethynylene)s (PPEs) were selected as the class of conjugated polymer best 
suited to meet the needs of a sensitive, robust biosensor (see Chapter One). They benefit from high 
quantum yields and sensitivities, as ascertained through measurement of Stern-Volmer constants. 
The polymers are accessed through known, reliable protocols, giving polymers of moderate 
molecular weight (usually 20 — 100 lcDa),9'1° though at the time of starting the project, the number 
of reported water-soluble derivatives was limited. The first task was to identify an efficient 
synthetic route to the polymers and a reliable emission quenching protocol. To achieve this we 
embarked on the synthesis of a recently reported anionic CPE (PPE 41). The retrosynthetic 
analysis for PPE polymers, described in Figure 2.1, shows how the most suitable disconnections 
lead to forward reactions involving cross-coupling chemistry, though two choices exist. The 
disconnections described in Figure 2.1a lead to monomers 105 and 106. This represents a better 
choice than that shown in Figure 2.1b, where the disconnections can lead to a monomer that is 
commercially available (109), but the unbalanced nature of this route (revealing monomer 112, 
which is heavily functionalised) is less satisfactory. 
77 
(a) 
PPE 104 106 
OH OHC 
(b) 
(Cross-
coupling) 
PPE 104 
X 
 
110 
OH 
CHO 
107 111 
HO 
108 
+ 109 
Si 
110 
Chapter Two 	 First Generation Polyelectrolytes and Polymers: Synthesis and Sensing Assessments 
X 
	/ 
0-1 (Cross- 
=1)— 
coupling) 
' n 
Tr°  105 
X 
HO 
107 
	
108 
Figure 2.1 The structure of the target polymer (PPE 104) and retrosynthetic analysis showing options for 
synthesis of the polymer and monomers. (a) Disconnections leading to two evenly functionalised 
monomers and (b) an unbalanced disconnection to give heavily functionalised monomer 112. 
This method represents a general strategy to such materials and gained prominence as many 
reported protocols have shown that high molecular weight polymers could be easily obtained under 
mild reaction conditions, with wide functional-group compatibility.14 In many cases (as shown in 
Chapter One) highly functionalised polar monomers (e.g. acetyl-protected mannose" and fl-
glucopyranose units16), including some with ionic groups (e.g. sulphonate, carboxylate, 
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phosphonate, ammonium),14 could be carried through the polymerisation, with no protecting group 
chemistry required. 
From Carothers' theory, we know that the number-average degree of polymerisation (Xn) is defined 
as shown below (Equation 6);17 
= 
1— p 
Equation 6 
where p is the extent of reaction. To obtain high molecular weights, long reaction times are 
required to ensure complete consumption of the monomers (and therefore high values of p). In 
order to synthesise polymers like PPE 104, two bifunctional monomers (which can be denoted A-A 
and B-B) are required. In such step-growth polymerisations the degree of polymerisation is 
dependent on the extent of reaction as well as the ratio of the two monomers. This is better 
expressed in the more general Carothers equation (Equation 7):17 
1+r X = 
1+r —2rp 
Equation 7 
where r = NA/NB (NA = moles of monomer A and NB = moles of monomer B). The relation between 
the two equations is clear; Equation 6 corresponds to the case where r = 1. Crucially, a small 
stoichiometric imbalance between the two bifunctional monomers can lead to drastic reductions in 
X„ (when r is significantly less than 1). Therefore, much care is needed to ensure that accurate 
quantities of monomers are used and that the monomers are of high purity. 
To enable the detection of analytes in aqueous solution a conjugated polymer must be rendered 
water-soluble which is usually achieved by introduction of ionic or highly polar functionality in the 
side chains of the monomers involved in the polymerisation. PPEs are usually synthesised by a 
Sonogashira-Hagihara palladium-catalysed cross-coupling polycondensation and as with many 
palladium-catalysed reactions are synthetically compatible with a wide range of functional 
groups.18 The reaction was first reported in 1975 and is formally known as the Heck-Cassar-
Sonogashira-Hagihara reaction,19 but is commonly referred to as Sonogashira coupling or 
Sonogashira-Hagihara coupling and is the method of choice for coupling sp and sp2-hydbridised 
centres.20 
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Using this method, ionic monomers can be directly polymerised in DMF-water mixtures furnishing 
water-soluble polymers. More recently, monomers with dendritic21 and neutral linear polyether22 
side chains, which serve to shield the hydrophobic conjugated backbone from the local aqueous 
environment, have been used as water-solubilising approaches for PPEs. The side chains prevent 
neighbouring polymer chains from coming into close contact thereby reducing aggregation 
effects23 which ordinarily lead to self-quenching and non-specific interactions.21 However, a 
moderate degree of aggregation is desirable for achieving high Stern-Volmer coefficients since it 
allows a single quencher to communicate with multiple chains,24 and the use of neutral side chains 
was therefore avoided in this work. As an alternative, post-polymerisation reactions have been used 
to gain water-soluble PPE derivatives, but such methods can suffer from an inability to convert the 
pre-polymer to the final product.I°'11 
2.1.2 Synthesis of an anionic PPE derivative 
The first task involved identifying existing literature precedent for the synthesis of ionic PPE 
derivatives. At the time, one of the most promising studies was reported by Schanze et al. who 
detailed the short synthesis and characterisation of anionic PPE 41.9 Although our ultimate aims 
towards the fabrication of a DNA sensor would involve the synthesis of a cationic polyelectrolyte, 
we were keen in the first instance to pursue the synthesis of PPE 41 in order to learn more about 
this class of polymeric material. To this end, we opted to follow the synthetic route described by 
Schanze et al. (Scheme 2.1) which involves the three-step synthesis of the anionic monomer 115 
followed by a Sonogashira-Hagihara polycondensation. 
80 
Chapter Two First Generation Polyelectrolytes and Polymers: Synthesis and Sensing Assessments 
OH OMe OMe 
i 
OMe 
113 
OMe 
114 
iii iv 
PPE 41 
r0 
Na03S 
0.„,.,..„,-..,,,,,,S03Na 
115 
0'---.'"--"--"*.''S03Na 
ii 
Scheme 2.1 Synthesis of PPE 141. Conditions:* i)12 , K103, H2SO4, AcOH (100%), reflux, 6 h, 52% 
(85%); ii) BBr3, CH2Cl2, 20 °C, 72 h, 77% (84%); iii) 1,3-propanesultone, NaOH, 20 °C, 50 h, 37% (70%); 
iv) 1,4-diethynylbenzene (106), Pd(PPh3)4, Cul, 'Pr2NH, DMF/H20, 50-55 °C, 18 h, 85% (69%). 
*Numbers in parentheses correspond to literature yields. 
The first step involves the iodination of 1,4-dimethoxybenzene (113) using iodine with potassium 
iodate in refluxing glacial acetic acid. Deprotection to reveal the hydroquinone and subsequent 
formation of the anionic monomer 115 are carried out under milder conditions (typically at room 
temperature). 
The slight reduction in the yield of diiodide 114 is attributed to the repeated recrystallisation steps 
that were required in order to produce the product in high purity. This procedure was necessary to 
remove trace amounts of residual iodine (used in the iodination), which were present upon 
isolating the product. A modified literature procedure was used to deprotect 114 to reveal the diol 
(108).25 We found that by increasing the reaction time (at least 70 hours was required) and by 
isolating the product by precipitation into water, a yield of 77% could be obtained. This 
optimisation resulted in a 17% increase in the yields compared to those we obtained using the 
unmodified literature method.25 Similarly for 115, by increasing the reaction time a 12% increase 
was realised, though the yield for this latter reaction was still lower than that reported in the 
literature.25  
Many factors are important in the palladium-catalysed coupling of terminal alkynes and aromatic 
iodides particularly the choice of halide, substituents on the haloarene, the choice of catalyst and 
the purity of the monomers.19 Aromatic iodides are known to react at room temperature and under 
generally mild conditions.26 The substituents on 115 impact the rate of oxidative addition, with 
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electron withdrawing substituents generally being favoured. Such groups increase the rate of 
oxidative addition to the palladium centre (which is electron rich), though in our case this is of 
reduced importance as the substituents on the aromatic ring are used as solubilising groups. The 
amount of catalyst used is less important, though 0.1 mol% is generally considered the minimum.19 
As has been previously described by Bunz et aL, the successful start of the reaction causes a steady 
increase in the viscosity and turbidity of the solution due to the formation of ammonium salts.19 
The generally accepted mechanism for the polymerisation is detailed in Chapter One.19 In most 
examples19 for the application of palladium catalysts to polymer synthesis, the commercially 
available catalyst (Ph3P)2PdC12 is used as it has similar activity to Pd(PPh3)4 but is air-stable. 
Using Pd(PPh3)4 avoided the need to compensate for the loss of alkyne that is usually seen when 
the palladium source is Pd2+ (activation consumes some of the present alkyne).27'28 Swager25  
confirms this observation and similarly recommends the use of excess bisalkyne in such 
polymerisations which together with the Pd(PPh3)4 catalyst is reported to yield high molecular 
weight products and reduce the possibility of butadiyne defects that reduce the molecular weight 
and degree of polymerisation.29 The exclusion of oxygen from the reaction mixture is still 
important however and rigorously anaerobic conditions were achieved by successive vacuum-
argon cycling.30 The amount of the co-catalyst used generally matches the amount of catalyst but 
there are examples in the literature where there is a deliberate imbalance.I9 
PPE 41, prepared by this Sonogashira coupling reaction, was characterised by NMR and its 
molecular weight was determined by GPC (running with DMAc as the eluant against polystyrene 
standards) which indicated M„ = 2.5 kDa (± 500 Da), with a degree of polymerisation, (DP), of 5 
that corresponds to 10 phenyl rings. In the reported synthesis, Schanze et al. used iodine end-group 
analysis and ultrafiltration properties of the polymer (PPE 41) to estimate the molecular weight (M, 
100 kDa),9 though these measurements may have led to an overestimate of 	as values of 100 
kDa are not commonly observed for such polymerisations.19 Alternative methods that have been 
used to estimate the molecular weight of similar rigid-rod polymers include pulsed-field gradient 
NMR (which provides the number-averaged molecular weight) and viscometry (which corresponds 
to the weight-averaged molecular weight).31  
The polymer we made is therefore much shorter than many of the literature examples, but the 
molecular weight result provided by GPC should be considered in the context of the solubility of 
the polymer. At the concentration levels required to record the molecular weight by GPC, much of 
the polymer remained undissolved and the solution injected into the instrument represents merely 
the dissolved fraction. To overcome this unsatisfactory situation, attempts to improve the solubility 
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of the polymer were made; these included (i) gently heating the solutions, (ii) sonicating the 
samples for 30 minutes and (iii) leaving the solutions to dissolve over extended periods (1-3 days). 
Unfortunately these changes failed to improve the solubility of the polymer in the solutions used. It 
is possible that the polymer is of low molecular weight, perhaps owing to the catalyst used for the 
polymerisation being of low purity. No effort was made to investigate these issues or to optimise 
the reaction at this stage. 
Determination of the molecular weight by GPC is problematic for PPEs due to the inherent rigidity 
of the polymer backbone, their anisotropic nature (PPEs displaying anisotropic absorption and 
emission are known)19'32 and the difficulty of finding adequate chromatographic conditions that 
rule out aggregation effects. These issues invariably lead to an overestimate in the molecular 
weight.19'33'34 To combat these problems, Bunz et al. were able to recalibrate the GPC readings by 
determining the molecular weights of a series of rigid-rod PPEs, by converting them to their more 
flexible congeners using catalytic reduction.35 This allowed a relationship to be extrapolated from 
the data that indicated on average, the molecular weights of PPEs, as determined by GPC, are 
exaggerated by a factor of 1.42. 
The molecular weight for PPE 41 can be estimated from its 1H NMR data by considering the ratio 
of the key groups of distinct protons in the polymer in the following way: for a PPE of infinite 
length, one would be able assume that the ratio of the integrated areas due to the aromatic protons 
to that of any set of alkyl protons was 6:4. Using the ratio of the integrated aromatic signal versus 
the isolated aliphatic resonances, it was possible to deduce a pattern that allowed determination of 
the molecular weight. This is summarised by considering the trends shown in Figure 2.2. 
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Variation in the ratio of aromatic signals to alkyl signals for PPE 41 
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Figure 2.2 Calculation of the degree of polymerisation for PPE 41 using the ratio method. 
The method is based on the observation that as the polymer grows the ratio of the aromatic protons 
to the specific methylene units (indicated in Figure 2.2) tends to 1.50. In Figure 2.2, it is observed 
that this pattern is independent of the type of end groups present on the polymeric species and 
therefore provides a good handle for the estimation of molecular weight by NMR. In order for this 
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to be true, the sample would have to be free from defects and devoid of solvent or other impurities. 
This enables the ratio of these two types of proton in the molecule to be calculated and in this case 
gives a ratio of 6:4.8. 
From this, it was estimated that there were about 5 units of the aromatic ring containing the ionic 
side chain to every 4 containing solely the bisalkyne unit, as the area giving rise to the alkyl 
protons was larger than four (relative intensity). To increase the reliability of the method, the 'H 
NMR was recorded after several precipitations and with as much solvent removed from the 
polymer sample as was possible. 
Here, 'H NMR does not provide a definite answer for the degree of polymerisation as in this 
example no end-capping groups were used that would have allowed an accurate determination, but 
the relative ratios obtained via 'H NMR (Figure 2.3) support the GPC data insomuch that the small 
value for 	was evidenced by an uneven distribution of the monomers (determined by integration) 
as seen by NMR.36 
I I I I I I I I I I I I I I 
8.00 
ppm (f1) 
7.50 7.00 8.50 6.00 5.50 5.00 4.50 4.00 3.50 3.00 2.50 2.00 1.50 
Figure 2.3 1H NMR of PPE 41 in d6-DMSO. 
The 'H NMR spectrum also confirms that PPE 41 was produced in high purity, with no trace of 
starting materials being detected. The vigorous post-polymerisation purification procedure is one 
of the reasons for this, with several precipitations having been conducted, in order to eliminate the 
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presence of lower molecular weight species. The room temperature 11-1 NMR for PPE 41 compares 
favourably with that reported by Schanze et al., however at elevated temperatures (A.-1 100 °C, 
Figure 2.4) it was expected that there would be a change in the overall resolution of the spectrum 
with the aromatic region (7.0 — 7.7 ppm) consisting of two resonances and the signals due to Ha 
and He resolving to multiplets with some triplet character, consistent with the findings reported by 
Schanze et a1..9 
100 °C 
70 °C 
H,0 dcDMS0 
d b a 
THE THE 
it 	 1,1 	I I 
GO 	7.0 	BO 	50 	4.0 	3.0 	20 
30 °C 
Figure 2.4 Variable temperature 1H NMR (500 MHz) of PPE 41 in d6-DMSO. 
Identification of the individual signals in the aromatic region was not possible but the 'extra' 
resonances (at 100 °C, two resonances were expected in this region) in the observed pattern could 
be due to end groups. Although PPE 41 was shorter than similar polymers reported by Schanze et 
a1.,9 we were keen to measure the quenching efficiency of this material as conjugated oligomers 
have been previously shown to exhibit Stern-Volmer constants in excess of 105 M-1.37 
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Characterisation by 1H NMR of an oligomeric fraction of PPE 41 (named PPE 41-o), which was 
isolated during dialysis of the main polymer solution, confirmed its lower molecular weight. A 
comparison of the ratio of the integrated values for the aromatic and alkyl regions of the spectrum, 
gave a value of 0.7 (suggesting that it has a molecular weight that is approximately half that of the 
main fraction), confirming the presence of the low molecular weight species. 
2.1.3 Photophysical analysis of anionic PPE 41 
To further characterise the polymer, absorption and emission spectra of PPE 41 were acquired in 
methanolic solutions of varying concentrations. The polymer exhibited an intense absorption band 
in the blue region, due to the 7C-7C* electron transition which leads to fluorescence in the blue-green 
region of the spectrum. The respective absorption and emission peaks are 370 nm and 436 nm (in 
methanol). 
Both the absorption and emission data (Table 2.1) are broadly in line with the results found by 
Schanze et al., with slight differences being attributed to the difference in molecular weight of our 
sample. The absorption spectrum for PPE 41 was measured in methanol at varying polymer 
concentrations and only a small change was observed in the position of absorption maxima (Amax = 
370 — 374 nm). The lower molecular weight material would be expected to have a much larger 
HOMO-LUMO gap (as this is dependent on the chain-length) and as a result this change would be 
expected to manifest itself as a shift to shorter wavelengths for the absorption maximum. In 
general, both the polymer and oligomers feature a strong absorption band in the blue region which 
is attributed to a long-axis polarised n-n*  transition.38 
The fluorescence spectra showed no pronounced changes upon variation of the polymer 
concentration and contain a 61-72 nm Stokes shift from the absorption bands which were blue-
shifted. Again, this was attributed to the length of the chains produced. The slight changes in the 
fluorescence maxima are due to the varying length polymer chains and the inherent polydispersity 
associated with such samples. Our findings and those published by Schanze et al. are summarised 
and compared in Table 2.1. 
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Table 2.1 Absorption and emission data for PPE 41 (excitation wavelength = 373 nm). 
[PPE 41] / p.M Solvent A..„,11  (absorption) / nm ?ax2  (emission) / nm 
1.9 Me0H 370 436 
10 Me0H 374 435 
100 Me0H 374 439 
1000 Me0H - 442 
Reported: kmax(absorption) = 425 nm. Reported: Xmax(emission) = 447 nm 
The fluorescence spectra confirm that the polymer exists in a relatively non-aggregated state (i.e. 
monomeric, with reduced it-it stacking) in methanolic solutions, as the bands are relatively sharp 
and structured and the fluorescence relatively short-lived (details on lifetimes in provided in 
section 2.1.4). Broad and featureless emission bands are generally indicative of emission 
emanating from an aggregated state, where there is an increased incidence of emission from 
interchain species derived from 7C-7C stacking. This type of emission is typically seen in small 
molecule photochemistry when excimers are formed in solution (e.g. in the luminescence from 
pyrene excimers).39 Some recent reports have indicated that excimer emission can also be 
generated in PPE conjugated polymers where there are intermolecular interactions mediated 
through rigid bicyclic [2.2.2] structures 40 
2.1.4 Measurements of fluorescence quantum yields and lifetimes for PPE 41 
To fully analyse PPE 41, further characterisation was gathered in the form of fluorescence lifetimes 
and quantum yields. The measurement of quantum efficiencies for polymer solutions can be 
conducted via two different methods; the first involves the use of an integrating sphere as 
described by de Mello et a/.41 The second method involves the use of a reference solution of a 
dilute laser dye with a known quantum yield (0). This is a standard technique for acquiring 
quantum efficiency data and is sufficiently accurate for most preliminary studies. The laser dye 
quinine bisulphate (116) was selected (0 = 0.55)42 as it has comparable absorption and emission 
wavelengths with the PPE polymers and was suitable for the dilute solutions (p.M concentration) 
that were used.42 
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116 
Figure 2.5 Quinine bisulphate (Of = 0.546 in 1N H2SO4)43 was used for all quantum yield measurements 
as it has similar absorption and emission characteristics to the polymer samples analysed. 
With the standard reference in hand, the absorption and emission spectrum of the polymer sample 
was recorded along with the same measurements for the reference material. Using Equation 8, 
(where A is the absorbance at the excitation wavelength, F the integrated emission area and 0 the 
quantum yield) and after application of corrections for the refractive indices (n) for the polymer (u, 
unknown) and the laser dye (s, standard) solutions, values for the unknown polymer solution were 
calculated. Such corrections are necessary for two principle reasons;43 firstly, as the 
monochromatic excitation radiation passes from the solution into the air the refraction induces 
intensity changes. Secondly, internal reflection within a cell can occur that can lead to significant 
errors for different solvents.43  
A F
" n
2 ) 
— 
Os( 	2 Au Fsno 
Equation 8 
The radiative lifetimes were measured using two polymer solutions at two different concentrations. 
This allowed us to determine the optimal concentration at which to acquire measurements in order 
to minimise the extent of self-absorption, though with PPEs, some self-absorption was always 
inevitable as the absorption maximum was at a longer wavelength than the excitation source we 
used. 
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PPE 41 in Me0H 
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Wavelength (nm) 
Figure 2.6 Comparison of time-integrated PL spectra for PPE 41 at different concentrations (excitation 
wavelength = 373 nm). 
By considering the plots of the time-integrated PL spectra (Figure 2.6), it was clear that the lifetime 
measurement recorded using the more dilute polymer solution is more accurate, since substantially 
less self-absorption occurs at short wavelengths.44 This effect is negated using a dilute polymer 
solution which surprisingly also had the added benefit of a marginally higher overall intensity 
(Figure 2.6). The PL decay intensity as a function of time was recorded and for PPE 41, the mono-
exponential decay was fitted to an exponential plot (Equation 9), where yo (background emission 
intensity) and Ao were constants. 
y = yo + 4 exp 
Equation 9 
Further analysis of the material was conducted in non-degassed conditions. It was of interest to 
observe whether the good emission properties of PPE 41 would be maintained in the challenging 
environments that real biosensors operate in. 
The information derived from the studies of the fluorescence quantum yields and lifetimes 
(summarised in Table 2.2) show that PPE 41 features a reasonably high O f value of 28% and a 
mono-exponential lifetime of 580 ps in methanol. These properties differ slightly with those 
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reported by Schanze et al. (q$ = 78% and re. = 420 ps, in methanol) and the differences could be 
due to a number of reasons associated with the way the sample was measured (we used non-
degassed conditions as this is more comparable to real environments), post-polymerisation 
treatment of the polymer sample and general degradation (attack by molecular oxygen)," all of 
which would serve to reduce the quantum yield. Due to the non-degassed environment in which the 
measurements were recorded, extrinsic effects cannot be ruled out as a source of error. As was 
reported recently, a possible explanation for the reduced fluorescence quantum yield may stem 
from an extent of excited state quenching arising from mild interchain interactions that split the 
highly delocalised singlet exciton.11 
Table 2.2 Photophysical properties for polymeric PPE 41 in Me0H.a 
[PPE 41] Absorption 
Xmex / nm 
Emission 
X. / nm 
rem 
/ ps at 409 nmb 
of / %.c 
1.9 1INT 
100 p,M 
372 
374 
435 
439 
580 
590 
28 
d 
aAll work was conducted in an aerobic environment in Me0H. Results from lifetime measurements were 
fitted using a monoexponential; error f 10 ps. 'Fluorescence quantum yields measured relative to 
quinine bisulphate in 1N H2SO4 (Of = 0.546); error ± 3%. dSample concentration too high to allow 
accurate quantum yield determination. Excitation wavelength = 373 nm. 
PPE 41 exhibited mono-exponential, wavelength-dependent emission decays (Figure 2.7). Of 
particular interest, is the observation that the PL lifetime increases as a function of the excitation 
wavelength, which is characteristic for these polymers.9 The increase can be ascribed to the 
diffusion of energy to long wavelength (lower energy) sites on the polymer chain resulting in an 
increase in the time delay for the emission to reach the detector, from the low energy sites. An 
additional reason for the wavelength-dependent nature of the emission lifetimes is provided by 
Schanze et al..9 They reported that the fluorescence decay in water, which was found to be strongly 
wavelength-dependent, could be attributed to the emission from an excimer-like aggregated state.9 
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PPE 41 in Me0H 
Time (x109) (s) 
PPE 41 in Me0H 
Figure 2.7 The decaying intensity of emission signals from solutions of PPE 41 at 298 K in Me0H. The 
fitting curves used to determine the lifetimes are shown as thick solid lines. (a) [PPE 41] = 10 uM, rem = 
580 ps, (b) [PPE 41] = 100 uM, rem = 590 ps. Excitation wavelength = 373 nm, Emission wavelength = 
430 nm. 
The estimated values for the lifetime as outlined in Table 2.2 are comparable, given the lower 
molecular weight of our sample, with those reported by Schanze et al. (420 ps). These observations 
are only true at short wavelengths (up to — 500 nm). At longer wavelengths, large errors are 
associated with the lifetimes. This also reflects the increasing difficulty in finding an accurate fit to 
the data, though this is not an issue for the measurements displayed in Table 2.2 as the PL 
92 
Chapter Two 	 First Generation Polyelectrolytes and Polymers: Synthesis and Sensing Assessments 
wavelengths selected were in the region where the lifetime measurements were approximately 
constant (i.e. measurements conducted at excitation wavelengths < 500 nm). 
2.1.5 Spectroscopic investigation of fluorescence quenching for PPE 41 
In this section the emission quenching experiments involving PPE 41 and the quencher Methyl 
Viologen (1,1'-dimethy1-4,4'-bipyridinium dichloride, paraquat dichloride, MV2+) are reviewed 
and the results compared with those reported for PPE 41 by Schanze et al.. This information allows 
us to gauge the sensitivity of the materials towards quencher molecules through measurement of 
the Stern-Volmer constant. 
Amongst other things, the differences in the quantity of the quencher required to effect quenching 
can be attributed to the shorter chain length of the polymer produced as compared with the PPE 
reported in the literature (analysed in non-degassed conditions). This reduction in chain length 
would lead to a substantially reduced exciton diffusion range and as a result the opportunity for the 
exciton to encounter many trap (quencher) sites would be reduced, which would impact on the 
amount of quencher required to reduce the emission.45 In addition, the non-degassed nature of the 
solution would lead to a lower PL intensity in the absence of the quencher. 
The efficiency of the quenching process, as measured by the Stern-Volmer constant, gave a value 
of 2.2 x 107 M-1, in good agreement with that observed in the literature. Indeed the Stern-Volmer 
constant that we measured was 14-times greater than that reported (Table 2.3) despite the limited 
conjugation length of our polymer. Though the accuracy of these measurements is further 
improved in a protocol described later (Chapter Three, section 3.6) these initial results are 
promising and suggest that very long polymers may not be critical in the biosensor design. 
However, these results do confirm the importance of the conjugation length as the efficiency of 
quenching is seen to be extremely sensitive to the effective conjugation length. This is consistent 
with previous reports that have proposed that the high sensitivity associated with such materials is 
linked to, amongst other things, the facile and efficient delocalisation of the singlet exciton within 
the polymer backbone.46 That our material exhibited higher sensitivity as compared with the 
literature report indicates that one of two factors may be important in influencing the results. 
Either, the molecular weight of the polymer prepared by Schanze et al.9 was grossly overestimated 
(which is a realistic possibility as molecular weights in the region of 100 kDa are rare for such 
polymerisations)19 or that the shorter polymer chains produced during this study are better at 
forming aggregates that allow efficient migration of photoexcitations between neighbouring 
chains. 
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Table 2.3 Summary of reported and measured data for the quenching of emission from PPE 41 by MV2+. 
Solvent [PPE 41] / [tM ksv I 1Nri M„ / kDa 
Reported' Me0H 10 1.6 x 106 100 
Measured Me0H 10 2.2 x 107 ge, 2.5 
The impact of the quencher on the conformation of the polymer chain could also be critical and it 
has been previously noted that quenchers with multiple charges may trigger aggregation due to ion-
paring, as revealed by changes in the emission spectra.9'13 Such effects may be beneficial for 
sensing. 
As described in Chapter One (section 1.3), there are two mechanisms for emission quenching; 
static quenching involves the formation of a complex (pre-association) between the fluorophore 
and quencher that is immediately returned to the ground state upon excitation. In dynamic 
quenching, collisional interactions between the fluorophore and the quencher are important." The 
very low quencher and polymer concentration ranges that were used in these studies are known to 
produce Stern-Volmer plots that are linear but it has been previously demonstrated that at higher 
quencher concentrations upwards curvature in such plots are observed.' This deviation from 
linearity is indicative of multiple quenching mechanisms and has previously been investigated by 
Wang et al..13'47 In their work they considered the emission quenching of an anionic PPV (117, 
Figure 2.8) derivative by a series of viologen derivatives (where the mechanism for quenching is 
expected to be electron transfer from the polymer to the quencher). 
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Figure 2.8 Superlinearity and the Stern-Volmer equation; (a) the anionic PPV and some representative 
quenchers used in the study by Wang et al. ,13,47 and (b) (reproduced from Wang et al.)47 the Stern- 
Volmer plot obtained for the quenching of 117 by 28. The inset describes the superlinear region where 
quenching occurs via a sphere-of-action mechanism. 
They called the deviation from linearity at high quencher concentrations *superlinearity' and 
attributed it to a sphere-of-action model, an idea first proposed by Frank and Vavilov.47 48 This 
model assumes that at high quencher concentrations (— 10-5 M in the example described by Wang 
et al.)47 the mean distance between the quencher molecules is such that on average the CP is 
always within close proximity to the quencher, which allows efficient charge transfer to occur. To 
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describe the combination of these quenching mechanisms Wang et a1. 47 defined a modified Stern- 
Volmer relation (Equation 10). 
I°
I 
 „ 
— = 	+ [Qpeav[Q] 
Equation 10 
Where and I are the intensity of the emission in the absence and presence of the quencher 
respectively, k's5v is the association constant for the complex formation, V is the volume constant 
and a describes the enhancement of the local quencher concentration, due to the charge associated 
with the quencher. The importance of a is illustrated by noting that its value is larger for quencher 
28 than 118. This modified equation allowed them to estimate the radius of the sphere-of-action (-
40 nm) for the polyelectrolyte studied, with the value comparing favourably with the average 
separation of the quencher molecules (— 80 nm), thereby confirming the proximity of the 
macromolecule to the quencher.13'47 
In our experiments, the Stern-Volmer plots were obtained by fitting the data to a non-linear 
equation as linearisation of the data, as is typically used in the literature, yields biased estimates of 
the Stern-Volmer constant (Equation 5).49 A full treatment of the method used to determine all 
Stern-Volmer coefficients reported in this dissertation is detailed in Chapter Seven. 
The oligomeric version of PPE 41 (named PPE 41-o) was also analysed (in water) and the Stern-
Volmer constant found to be over 4.3-times smaller than that observed of the polymeric version 
PPE 41 (determined in methanol). This result is consistent with the arguments put forward 
emphasising the importance of conjugation length to the sensitivity of the polymer. At the time of 
conducting these early studies, our focus was on increasing the conjugation lengths of the PPE 
materials as we believed that this was the most important factor in obtaining high ksv values. 
However, our understanding of these materials has since improved and the size of the Stern-Volmer 
constant measured for PPE 41-o provides evidence that aggregation is more important than chain 
length (described further in Chapter Three). The different solvents used to conduct the 
measurements (because of practical limitations) could have affected the magnitude of the 
difference between the values, as the conformational order of the conjugated materials is dependent 
on the solvent used (aggregation, i.e. rc-ir stacking, is more significant in water than methanol).9 
Schanze noted that there was a change in the Stern-Volmer constant upon switching from methanol 
to water.9  This increase (3.6-fold) has been attributed to the possibility that there is exciton 
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migration occurring in the aggregates of the polymer (PPE 41 is fully aggregated in water) which 
further amplify the quenching response. Recently, Kleiman and Schanze have investigated the role 
of exciton 'hopping' in quenching the emission from CPEs.5° They used simulations to calculate 
the density of complexes formed between a CPE and quencher molecule. From this they suggested 
that only in 'dense' aggregates (formed in polar solutions) would a suitable environment persist to 
enable the rapid migration of excitations. Here, 'dense' refers to the size of the interchain distance, 
which should be short to allow 7C-7C stacking to occur. These effects are given more consideration in 
Chapter Three (section 3.6). 
2.2 	Synthesis of a novel cationic PPE derivative (PPE 124) 
The syntheses of a variety of conjugated cationic polyelectrolytes are documented in the literature, 
as described in the introduction. Swager et al. reported the synthesis of PPE 120 in 2000 and 
examples of cationic polymers based on other polymeric backbones, like PPPs and 
poly(thiophene)s are also known, with such materials often pursued as potential DNA sensors.51  
Interestingly, most of the cationic polyelectrolytes synthesised to date contain a trialkylammonium 
group as the ionic moiety, presumably due to the ease of which it can be incorporated into the 
structure. 
HO 
O 
0—
\ -\+ 
O-  
0 
Br/  — 	
OH 
PPE 120 
Figure 2.9 Examples of previously synthesised cationic polyelectrolytes, by McQuade et al. (PPE 120)52 
and Brodowski et al. (121).53 
Our interest in cationic polyelectrolytes led us to pursue the synthesis of the novel cationic PPE 
124. We reasoned that this polymer would have all of the characteristics associated with similar 
water-soluble PPEs (e.g. high Stem-Volmer coefficients coupled with respectable quantum yields) 
and allow us to use it for the detection of oppositely charged oligonucleotides. Additionally, only 
one of the monomers required appreciable functionalisation and simple disconnections (see Figure 
2.1) led back to readily available starting materials. We also envisioned that the presence of two 
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side chains per repeat unit would provide the necessary polarity to enable good solubility in polar 
solvents (most importantly water) whilst allowing the unhindered approach of quenchers to the 
conjugated backbone. It was our intention to modify the literature procedure described by Swager 
et al. for the synthesis of the polymer (Scheme 2.2).25 Literature precedents were available up to 
the synthesis of the dicationic monomer 123 though the actual polymerisation was hitherto 
unknown. 
108 	 122 
	
123 
Impure Impure 
NMe3 Br 
Scheme 2.2 Synthesis of PPE 124. Conditions: i) 1,3-Dibromopropane, K2CO3, acetone, 70 °C, 24 h, 
69%; ii) 45% NMe3 in H2O, EtOH, acetone, reflux, 18 h, 79%; iii) Pd(PPh3)4, Cul, DMF, iPr2NH, H20, 50 — 
55 °C, 48 h, 45%. 
A key intermediate in this strategy involved the synthesis of 122, which we envisaged to be a 
synthetically flexible moiety, as nucleophilic displacement of bromine on the side chains would 
allow a wide array of different functional groups to be attached to the monomer. 
Repetition of the etherification conditions reported by Swager et al. gave the required dibromo-
intermediate in 60% yield though upon closer inspection of the II-1 NMR spectrum small signals (-
1% of the total intensity) were detected at 4.1 ppm (triplet) and z-; 7.2 ppm (singlet). Attempted 
purification of the main product by several recrystallisations resulted in no improvement in the 
purity of 122, with the impurity remaining unidentified. Effective purification by column 
chromatography was not possible as suitable solvent conditions could not be identified. Various 
other changes (detailed in Table 2.4) were made to the reaction conditions in order to eradicate the 
contaminant present in 122, all to no avail. 
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Table 2.4 Techniques employed to purify monomers 122 and 123. 
Entry Monomer Purification 
methods  
Conditions Impuritiesb Comments 
1 122 R — CHC13/ Reflux, acetone 7.19 (s) Starting material was 
EtOH 48 h 4.19 (t) recrystallised 
3.54 (t) 
2 122 C (CH2C12), 
(Un-sublimed 
material) 
Reflux, acetone 
96 h 
7.22 (s) 
4.19 (t) 
3.80 (t) 
Addition of starting 
material was carried out 
drop-wise over 96 hours 
2 Spots by TLC 
3 122 C (CH2Cl2) + Reflux, acetone 3.80 (t) Addition of starting 
S 96 h 7.17 (s) materials was carried out 
over 4 days 
2 Spots by TLC 
4 122 R — Reflux, acetone 7.22 (s) Reaction worked-up 
CHC13/Et0H 24 h 4.19 (t) 
alkene 
using literature precedent. 
5 122 R - MeCN Reflux, acetone 7.22 (s) - 
48 h 4.19 (t) 
3.80 (t) 
6 122 R — 
CHC13/Et0H 
Reflux, acetone 
24 h 
Several Iodination carried out in 
second step (Scheme 
2.4); decomposition 
likely. 
7 123 R — 
Et0H/Et20 
Reflux, 130 °C, 
18 h 
7.32 (s) 
4.12 (t) 
2 Spots by TLC, R1= 0.8 
+ 0.1 (product); MS 
inconclusive. 
8 123 - Reflux, 125 °C, 
6 h 
Several Iodination carried out in 
second step (Scheme 
2.4); decomposition 
likely. 
aPurification abbreviations; R — recrystalisation, C — column, S — sublimation Impurity as observed by 
1H NMR, s — singlet, t— triplet. 
In the literature procedure followed, a syringe pump was used for the slow addition of 108 
(dissolved in acetone) to a mixture of 1,3-dibromopropane and potassium hydroxide (also 
dissolved in acetone). The addition has to be performed slowly in order to avoid unwanted 
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dimerisation of 108. As we did not have a syringe pump available to use at the time, we manually 
added 2,5-diiodo-1,4-hydroquinone (108) to the reaction mixture over a period of 4 days. 
Alternative methods to furnish similar dibromo- intermediates were sought but in the best example 
a similar yield (69%) for 122 was obtained (via Route 1, Scheme 2.4), with the impurity still 
present. 
At this stage, attempts were made to identify the unknown product that was generated together 
with 122. The 1H NMR signals due to the impurity differed to those of monomer 122 by — 0.1 
ppm, which suggests a close similarity in structure. It is known that E2 elimination can occur to 
give the terminal alkene 125, which can then undergo rearrangement as shown in Scheme 2.3.54 
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Scheme 2.3 (a) A possible Claisen rearrangement leading to the contaminant(s) isolated with monomer 
122 and (b) formation of 129 by direction reaction of 108 with 1,3-dibromopropane. 
The method used to form monomer 122 involves prolonged heating and under these conditions it is 
possible that sequential [3,3]-sigmatropic rearrangements could occur (Scheme 2.3), followed by 
proton transfers, to yield 129.54 Further reaction of monomer 129 with 1,3-dibromopropane would 
lead to monomer 130 that could give rise to the observed 1H NMR signals, detailed in Table 2.4, 
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which were attributed to the impurity. Due to time constraints, these issues were not further 
investigated. 
Despite the problems described above, the synthesis of monomer 123 was attempted with the 
intention of separating the impurity from the new product (Scheme 2.2). Unfortunately similar 
problems were encountered (see entries 7 and 8 in Table 2.4), with purification perhaps hindered 
by the polarity of the monomer, though the amount of the unidentified impurity in the sample was 
approximately the same (about 15% of the sample, as determined by 1H NMR). After obtaining the 
monomer, as cleanly as was possible, it was employed in the polymerisation without further 
modification. In an attempt to overcome the difficulties associated with isolating 122 pure, the 
alternative route of subjecting the alkylated materials 132 and 134 to iodination were also 
attempted (Scheme 2.4). 
Route 1 
Route 2  
OBr 
	
0"---'''''''' ''''l 
0,,,..,,,N.,,,...,,Br 	 0,........„....---....,..„..„,.. I 
122 
	
133 
0 	 N 	Br 	0 	
...... ...„.-.,,,,,,,.....,,+,,,, ,,-- .....„,/ 
N Br 
iv 
,,- 	
.,,...,,,•—•,,,I ,-- 0„,7.--,,,,,,,!g.,...„ Br 0 , ts1,, Br 
134 
	
123 
Scheme 2.4 Attempted synthetic routes to 122 and 123. Conditions: i) 1,3-Dibromopropane, K2CO3, 
acetone, 70 °C, 24 h, 21%; ii) 12, KI03, H2SO4, AcOH (100%), 6 h; iii) 45% NMe3 in H2O, EtOH, acetone, 
18 h, 76%; iv) 12, K103, H2SO4, AcOH (100%), 6 h. 
However this led to suspected decomposition of the starting materials. There was also an attempt to 
form the tetraiodinated monomer 133 using 1,3-diiodopropane, as it was believed that the singlet 
that appeared at -' 7.2 ppm may be due to halogen exchange between the bromine and iodine atoms 
on the aromatic ring. Unfortunately, this reaction also produced a similar irremovable impurity. 
However, this theory is not supported by the chemical shift due to the other impurity signal (that 
appeared at 4.1 ppm) as exchange of the bromine atom for an iodine atom would cause an upfield 
shift. 
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The synthesis of the second monomer, bisalkyne 106, was less problematic, though finding a high 
yielding route was troublesome. At first we attempted to convert dialdehyde 111 to the bisalkyne 
using a phosphonium bromide intermediate (136), as both starting materials are cheap and readily 
available (Scheme 2.5). However the hygroscopic nature of salts like 136 made their isolation 
difficult.55•56 Indeed, we were unable to isolate any of the carbon tetrabromide complex 136 
cleanly. As has been noted by Wang et al., these materials are of limited use, due to their toxicity 
and exothermicity.55 Therefore, we resorted to a method described by Aggarwal et al.57 that avoids 
the use of phosphorus reagents/intermediates. Aggarwal et al. demonstrated that the base-promoted 
addition of chloroform to aldehydes, to yield trihalocarbinols, could be coupled with tosylation to 
yield intermediates like 137 that would provide access to acetylenes.57 
CH2Cl2 	 H2O 
Ph3PCBr3, Br + PPh3 	 2 PPh3 + CBr4 	 Ph3PCHBr2, Br 
135 	 136 
Impure 
OHC CHO 
    
\ Ph3PCHBr2, Br 
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Scheme 2.5 Attempted synthesis of bisalkyne 106. Conditions: i) 136, t-BuOK, THF, 30 mins; ii) 1. 
DBU/CHCI3; 2. TsCI / NEt3, CHCI3, 15 h, 45%; iii) MeLi, THF, -10 °C 	0 °C, 1 h, 5%. 
In our hands the formation of the intermediate 137 proceeded in reasonable yield, however the 
deprotection and subsequent purification gave the bisalkyne in high purity (as determined by 1I-1 
NMR), but in only 5% yield, for reasons that were not investigated. Due to the low yield of the 
conversion of 137 to 106, this two-step route to acetylenes, starting from the aldehyde, though 
conducted under mild conditions, was not suitable for scale-up and so another procedure was 
sought. The proliferation of synthetic routes to a variety of PPEs for 'molecular-wire' uses has 
demanded efficient ways to make functionalised terminal alkynes on a multi-gram scale. 
Commonly, methods like the Corey-Fuchs,58 Wittig/Horner-Emmons59 and Gilbert-Seyferth,6° 
which provide useful ways to convert aldehydes to acetylenes, involve the use of phosphorus 
reagents, with their associated drawbacks (vide supra). Recently, the method of choice for effecting 
this transformation involves the use of palladium cross-coupling chemistry, which is ultimately 
more reliable 61 
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Scheme 2.6 Synthesis of bisalkyne 106. Conditions: i) TMSA, Pd(PPh3)4, Cul, Pr2NH, toluene, 50 °C, 
1.5 h, 73%; ii) K2CO3, Me0H, CH2Cl2, 20 °C, 3.5 h, 96%. 
Reaction of 1,4-diiodobenzene (109) with trimethylsilylacetylene (TMSA, 110) to give silyl-
protected alkyne 138 occurred in good yield (71%) and the successful deprotection using 
potassium carbonate in methanol gave bisalkyne 106 (96%) as shown in Scheme 2.6. 
The chemistry is also amenable to adaptation — the catalytic reaction allows for the presence of a 
variety of polar functional groups (vide supra) — which is important as it allows further 
functionalisation of the aromatic ring. Decorating monomers with such additional moieties could, 
for example, give the final polymer material improved sensing functions or increased solubility. 
The only drawback for this reaction is the quantity of the palladium catalyst required (typically 10 -
15 M01%).62 
The 'H NMR spectrum for PPE 124 is shown in Figure 2.10. Unlike PPE 41 the aromatic region (-
7.1 — 7.6 ppm) consists of predominately two main resonances (due to the two different types of 
such protons in each repeating unit), which is consistent with that reported for structurally similar 
CPEs.9 This increased symmetry in this part of the spectrum and the inability to distinguish 
aromatic signals due to the end-groups, suggests that the material is of higher molecular weight 
than PPE 41 (further evidence is provided by the emission spectrum; section 2.2.1).11  
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Figure 2.10 1 H NMR spectrum of PPE 124 in cla-Me0D. 
From the 11-1 NMR spectrum the relative ratio of the protons of the aromatic region and those of the 
due to the alkyl chains was measured and compared to PPE 41. Using the trends noted in Figure 
2.2, a ratio of 6:4.38 (= 1.37) indicates that PPE 124 is of increased molecular weight as the value 
is closer to the idealised case where an infinitely long polymer chain would yield a ratio of 1.5. 
The spectrum is consistent with the expected structure of the polymer as there is a good correlation 
between the positions of the aromatic and alkyl resonances and those of the monomer 123. That the 
resonances are relatively broad and unresolved is typical for polymers and is due to reduced 
molecular tumbling in solution. The signals (at — 4.1 and 7.3 ppm) attributed to the impurity that 
was present in monomer 123 were not observed in the 1H NMR spectrum of the polymer. We were 
unable to establish if this was because it was eliminated during the purification procedure or if the 
broad polymer signals were obscuring their presence. 
The analysis of the molecular weight of the polymer by GPC was hindered by the poor solubility 
of the material in the solvent (water) used for analysis. Some of the polymer sample remained 
undissolved in methanol/water (1:4) even after gentle heating and sonication. 
The 13C NMR spectrum of PPE 124 in d6-DMSO and d4-MeOD had a low signal to noise ratio and 
in order to get a satisfactory spectrum the polymer sample was dissolved in D20 and heated to 363 
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K. This improved the quality of the spectrum and enabled a near-complete assignment of the 
polymer. No diyne defects were detected (discussed in section 2.3.2) with only the expected triple-
bond resonances observed between 91 and 98 ppm. There were also small unidentified resonances 
present (166.5 ppm and 174.2 ppm) possibly attributed to aforementioned impurities. 
2.2.1 Spectroscopic investigation of fluorescence quenching of PPE 124 
For comparison purposes, the absorption and emission spectra for PPE 124 were recorded in an 
unbuffered aqueous solution and are shown in Figure 2.11. The respective absorption and emission 
maxima are 400 nm and 468 nm. 
PPE 124 in H2O 
325 	375 	425 	475 	525 	575 
Wavelength (nm) 
Figure 2.11 Absorption and emission spectrum for PPE 124. 
The quantum yield (determined at different concentrations) for PPE 124 was lower than that 
measured for PPE 41 (results summarised in Table 2.5). The difference can be explained by the 
different solvents used to conduct the measurements, with water being preferred for analysing PPE 
124 due to its increased solubility in this solvent (the opposite behaviour to PPE 41). The effect of 
the different solvents on the solution state conformations of these polymers can be quite 
pronounced. Schanze et al. reported that the quantum yield of PPE 41 in water was approximately 
a tenth of that recorded in methanol.9 As there are increased interchain interactions in water, it may 
be that the increased TC-7C stacking in this medium, increases the amount of self-quenching which 
serves to reduce the quantum yield. The results detailed in Table 2.5 are within 2.9 — 6.6% of the 
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reported value for PPE 41 (10% in water) and suggest that for this cationic polymer similar 
conformational changes are important.9 
Despite operating at low polymer concentrations (µM), a general, but unexpected trend of lower 
QEs at dilute polymer concentrations is evident. This result is surprising as increasing the 
concentration of the fluorophore usually leads a decrease in the quantum yield, a finding explained 
by self-absorption effects when operating in a high concentration regime (mM). 
Table 2.5 Photophysical properties for PPE 124.a 
aAll work 
Entry [PPE 124] / µM Excitation wavelength / nm 4 / %d 
1 1 373 3.4 
2 1 380 3.1 
3 6 373 7.1 
4 6 380 6.8 
measured relative to quinine bisulphate in 1N H2SO4 (q = 0.546). 
In order to measure the response of this polymer towards oppositely-charged quencher molecules, 
emission quenching experiments were conducted. The emission spectrum of a 10 1.1A4 aqueous 
solution of PPE 124 is shown in Figure 2.12 at increasing concentrations of the anionic quencher 
AQS (9,10-anthraquinone-2,6-disulphonic acid disodium salt; see Figure 2.13). As is typically 
observed for such polyelectrolytes,63 the profile for PPE 124 is broad and featureless at the 
quencher concentrations considered, which is attributed to aggregation of the polymer chains in 
water, possibly induced by the presence of the quencher.9 The Stern-Volmer plot is shown as an 
inset to the main diagram, with the markers denoting the experimental data points and the solid-
line indicating the optimal fit to the Stern-Volmer relation. 
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Figure 2.12 The emission spectra in salt-free water of PPE 124 at increasing concentrations of the 
quencher AQS (0 — 2.9 piM). Shown inset, is the Stern-Volmer plot acquired using data extracted from 
the main figure. The intensities in the Stern-Volmer plot are determined from the area beneath the 
corresponding curves in Figure 2.12, and are normalised with respect to the measured emission intensity 
in the absence of AQS. The markers denote experimental data lines and the solid-lines indicate the 
optimal fit to the Stern-Volmer relation as outlined in the Experimental section. 
The Stern-Volmer coefficient (1.5 x 106 M-1) is comparable with that reported for similar ionic 
PPEs and was — 15 times smaller than that measured for anionic PPE 41. The smaller value is 
unexpected as the higher molecular weight PPE 124 was expected to lead to a higher ksv. There are 
two mitigating effects that could explain this result. Firstly the measurements were conducted in 
different solvents (water and methanol) which are known to affect the amount of interchain 
interaction, which directly influences ksv. Secondly, different quenchers were used (for PPE 41, 
MV2+ was used; for PPE 124, the quencher was AQS) which would have slightly different 
reduction potentials. It is clear from earlier measurements that aggregation is much more important 
than chain length and from the results described above it may be reasoned that PPE 41 is better at 
forming aggregates that PPE 124. 
It is important to note that the values of the Stern-Volmer constants quoted in this chapter suffer 
from the following shortcoming; no attempts were made to ensure that the concentration of the 
luminescent polymer remained constant throughout the measurement. However, this is important 
as deviations in the polymer concentrations — specifically, a steady dilution of the polymer upon 
addition of the quencher — would lead to errors in ksv; an overestimate of the sensing efficiency 
would result. These issues were eventually resolved and the remedies are fully described in 
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Chapter Three, where an accurate and robust method for determining the Stern-Volmer constants 
was established. 
Despite this inaccuracy in the measurement, the dilution of the polymer solution was kept to a 
minimum level, with an estimated error in ksv of 20%. This is still not ideal, as the number of 
polymer chains 'visible' to the quencher, would decrease with each new addition of the quencher, 
but does allow for a reasonable estimate of ksv using only the low quencher concentration region, 
where polymer dilution is minimal. 
That strong emission quenching was observed between the cationic PPE 124 and anionic AQS is 
consistent, given previously published results with similar systems.63 For example, an anionic PPV 
(similar to polymer 57, detailed in Chapter One, but containing a Li+ counter-ion) mixed with a 
modified cationic cyanine dye appended to poly-L-lysine, gives a complex where energy transfer 
from the polymer to the dye is followed by efficient quenching of the ensemble upon exposure to 
the electron acceptor AQS.64 Additionally, Anderson et al. reported the quenching of emission, by 
AQS, from a cationic conjugated [3]rotaxane and dtunbbe11.65 The efficient quenching yielded 
Stern-Volmer constants of 2.0 x 103 NFI and 4.3 x 103 WI for the [3]rotaxane and dumbbell 
respectively.65 To confirm the importance of charge complementarity in the emission quenching 
process, we investigated what emission changes, if any, would result between quenchers with 
varying charges upon titration against PPE 124. The alternative quenchers (Figure 2.13) were 
selected as they have similar reduction potentials to AQS (139) and so make for a fair comparison. 
The quencher DPy (4,4'—dipyridyl) is a neutral version of MV2+ and all three are commercially 
available. 
Figure 2.13 *Possible alternative emission quenchers for PPE 124. For benzoquinone (potential vs. SCE 
in MeCN)).66 
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As expected very little quenching was observed between PPE 124 and either quencher (DPy and 
MV2+), presumably due to the lack of 'ion-pair' complex formation, which is necessary to facilitate 
quenching through electron or energy transfer. The modest quenching recorded (an example of 
typical quenching curves are displayed in Figure 2.14 for the quenching of PPE 124 by DPy) is a 
reflection of the mild sphere-of-action quenching which has been shown to dominate for the 
emission quenching of polyelectrolytes by neutral quenchers.13 The modest Stern-Volmer constant 
of 345 M-1 is therefore a reflection of this subtle quenching effect, with high (mM) levels of the 
quencher DPy needed in order to achieve just 25% reduction in emission. Where pure static 
quenching is important, quencher levels in the [IM range are sufficient to reduce the emission from 
these polymers by up to > 90%. The quenching effect observed in Figure 2.14 was not expected to 
be due to dilution of the polymer solution as control experiments confirmed that this effect could 
only account for a decrease in the emission of approximately 1-3%. 
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Figure 2.14 The emission spectra in salt-free water of PPE 124 at various concentrations of the 
quencher DPy. Excitation wavelength = 380 nm. 
2.3 	Optimisation of PPE syntheses 
The efficiency of emission quenching is dependent on the diffusion range of the exciton within the 
CPE. The large distances covered by the exciton during its lifetime, and its ability to hop between 
chains in an aggregate, give rise to an amplified sensory response relative to shorter derivatives, 
thereby allowing for several excitations to be quenched by a single bound quencher. For this 
reason, the Sonogashira-Hagihara polymerisation reaction that was employed to make the 
polyelectrolytes was investigated in order to determine optimal reaction conditions to allow access 
to high molecular weight material. Our earlier results suggested that aggregate formation was 
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relevant in enabling high sensitivity, though at the time we believed that the length of the polymer 
chains was more important. 
In order to achieve a high degree of polymerisation (DP) we turned our attention to the easier to 
characterise, but structurally similar, neutral alkoxy-substituted PPE derivatives as a model system 
to optimise reaction variables. The neutral materials had several advantages; partly due to the 
extended alkyl chain, they had increased solubility in organic solvents and a reduced tendency to 
aggregate (though some interdigitation effects can not be ruled out) which made them amenable to 
characterisation by GPC, in organic solvents, and high resolution NMR. 
2.3.1 Synthesis of neutral PPE derivatives 
It was anticipated that full characterisation of these neutral polymers would allow us to define 
optimal reaction conditions that could then be applied to the polyelectrolyte synthesis. In order to 
achieve this, careful selection of the diiodo monomer was required as ideally, one would like a 
monomer with structural features that allowed for easy analysis of the formed polymer by 11-1 
NMR. The diiodo monomers considered for this purpose are shown in Figure 2.15. 
Figure 2.15 Neutral monomers for use in the Sonogashira-Hagihara copolymerisation. 
We were slightly concerned that the extended alkyl chains could act as an impediment during the 
polymerisation, as the steric bulk of this side chain could potentially hinder the approach to the 
palladium centre during the cross-coupling reactions. However, as shown in Chapter One, there are 
numerous examples where long/bulky side chains had been included on monomers that were 
successfully polymerised. 
In order to use 'H NMR for end-group analysis to calculate the molecular weight of the neutral 
PPE polymers, we considered monomers that contained resonances that appeared in vacant regions 
(spectral window) of the NMR spectrum. Alkoxy derivatives that were used in the synthesis of the 
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ionic PPEs described earlier were considered, as the methylene protons appearing between 3.5 —
4.2 ppm, could be used as a handle to determine Mn. 
In addition, it was envisaged that the presence of the methyl groups at the end of decorative side 
chains would allow for a quantitative determination of the degree of polymerisation. In the 
simplest example of this, the methyl groups present in monomer 114 were thought to be ideal as 
the sharp methyl resonance at — 3.8 ppm (in CDC13), would remain distinct and clearly visible in 
the polymer structure. However, all attempts to synthesise PPE 143 proved unsuccessful, under the 
usual polymerisation conditions (Scheme 2.7). Ili NMR analysis revealed that appreciable 
deprotection of the methyl ether protecting groups occurred, possibly triggered by the presence of 
the metal (this was evidenced by the appearance of broad phenolic resonances in the 11-1 NMR). 
These problems forced us to target different neutral polymers where this was not observed. 
114 	 PPE 143 
Impure 
Scheme 2.7 Synthesis of a neutral PPE derivative. Conditions: i) 1,4-Diethynylbenzene (106), 
Pd(PPh3)4, Cul, 'Pr2NH, DMF, 50 °C, 24 h. 
The neutral PPE 144 was targeted as a versatile precursor polymer that could be functionalised in a 
variety of ways. We reasoned that nucleophilic displacement of the bromide leaving groups would 
allow for the (post-polymerisation) introduction of a variety of functional groups along the 
polymer backbone. The synthesis of monomer 140 from the commercially available corresponding 
diol was reported by Schanze et al.,11 and using their protocol we isolated it in an overall yield of 
84% (more details on this monomer are given in Chapter Three). 
Polymerisation of 140 with 1,4-diethynylbenzene (106) gave rise to the bromo-derivitised PPE 
144, isolated as a fine yellow powder, the expected colour for such materials (Scheme 2.8). 
However, 11-1 NMR showed the presence of an impurity that led to a significant broadening of the 
signal due to the methylene unit adjacent to the oxygen atom. This would suggest that there was 
some substitution of the bromine atom during the polymerisation, possibly by the amine (N,N'-
diisopropylamine), though this was not supported by the 1H  NMR. There is also the possibility that 
under the reaction conditions used, (reaction was conducted at elevated temperatures, — 60 °C) 
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some elimination leading to alkene formation may have occurred though again there was no 
conclusive evidence in the 1H NMR for this. 
() Br 
140 PPE 144 
Impure 
Scheme 2.8 Synthesis of a neutral PPE derivative. Conditions: i) 1,4-Diethynylbenzene (106), 
Pd(PPh3)4, Cul, Pr2NH, DMF, 60 °C, 24 h. 
2.3.2 Evaluation of optimised polymerisation conditions — end-group analysis and emission 
properties of neutral 2,5-bis(cetyloxy)-substituted PPE derivatives 
Alternative structures were needed to avoid the synthetic issues that hindered the synthesis and 
purification of the PPEs 143 and 144. Monomers such as 141 and 142 have been used previously 
to make highly soluble PPE derivatives and long alkyl chains are known to lead to improved 
solubility characteristics for poly(phenylene vinylene) and poly(thiophene) materials for use in thin 
film transistor devices.67 For our purposes, such monomers had an additional benefit: by 1H NMR, 
the oxy-methylene group appeared as a well-resolved triplet and was far away from any other 
resonances (the isolated sharp triplet at approximately 4.0 ppm is shown in Figure 2.16). Though 
our chosen iodination conditions failed to generate 141 cleanly, the synthesis of 142 proceeded 
smoothly under identical conditions (Scheme 2.9). 
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Scheme 2.9 Synthesis of a neutral 2,5-bis(cetyloxy) monomer (142). Conditions: i) PhI(CF3CO2)2 (147), 
12, CH2Cl2, 20 °C, 6 h; ii) Phl(CF3CO2)2 (147), 12, CH2Cl2, 20 °C, 24 h, 44%. 
The reasons for the failed iodination attempt (formation of monomer 141) were not investigated 
(due to time constraints). However, Tour et al. have recently shown that iodination of 145 can be 
accomplished (in 83% yield) using mercury acetate and iodine in CH2C12.68 These unusual 
conditions may indicate that they too encountered difficulties using more traditional iodinating 
methods, such as those used to synthesise 142. 
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Figure 2.16 1 H NMR of monomer 142 in CDCI3. 
The position of the sharp isolated triplet, centred at 3.92 ppm, was used as a handle to accurately 
calculate the degree of polymerisation (DP) for the long-chained neutral PPE derivatives. Use of 
the end-capping agent 4-iodotoluene (149, see Scheme 2.10) resulted in a sharp singlet at 2.4 
ppm (methyl signal) and integration of this signal against the polymer main chain signals allowed 
an accurate determination of DP. The accuracy of this method depends on the sample being free 
from defects something that is ensured using the Pd(0) source Pd(PPh3)4 (see Chapter One).19 For 
this polymerisation such assumptions are suitable as the reaction is known to produce high 
molecular weight polymers that are free from defects (vide infra; for a fuller treatment see Chapter 
Three).19 The results for the neutral polymerisations that were performed are detailed in Scheme 
2.10 and Table 2.6. GPC data are included where available. For the polymers that were not end-
capped, molecular weights were estimated using the ratio technique, as described earlier (2.1.2). 
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142 
	
PPE 148 
(b)  
 
OC 161'133 
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Scheme 2.10 Synthesis of 2,5-bis(cetyloxy) PPEs 148 (a) and 150 (b). Conditions; i) 106, Pd(PPh3)4, 
Cul, IPr2NH, DMF or toluene, 40 — 55 °C, 24 — 140 h, 62 — — 90%; ii) Pd(PPh3)4, Cul, iPr2NH, toluene, 55 
°C, 70 h, — 90%. 
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Table 2.6 Summary of results for the formation of neutral polymers PPE 148 and PPE 150. 
Entry Polymer Conditions / changes a DP, 
by 1H NMRb 
Mn, 
by GPC, Da c 
Yield 
(%) 
1 148 24 h, 40 °C; Pd(PPh3)4 8 7300 72 
(5100) 
2 148 24 h, 40 °C / 5% excess of diiodo 5 8000 62 
monomer added; Pd(PPh3)4 (5600) 
3 148 87.5 h, 50 °C; Pd(PPh3)4 15 8400 -d 
(5900) 
4 148 67.5 h, 50 °C; Pd(PPh3)4 9 11300 -d 
(8000) 
5 148 43 h, 50 °C; Pd(PPh3)4 20 - ..ci 
Two portions of the catalysts were 
added. Initially the solution was 
sonicated for 10 minutes 
6 150 138 h, 55 °C; Pd(PPh3)4 > 20 - — 90d 
Toluene used as solvent 
7 150 140 h, 50 °C; Pd(PPh3)4 11 - — 90d 
Two portions of the catalysts were 
added 
8 150 70 h, 55 °C; Pd(PPh3)4 15 - -d 
DMF used as solvent 
9 150 70 h, 55 °C; Pd(PPh3)4 30 - -d 
Toluene used as solvent 
10 148 38 h, 50 °C; Pd(PPh3)2C12 10 7400 90 
(5200) 
11 148 117 h, 50 °C; Pd(PPh3)2C12 < 5 3500 -d 
(2500) 
a Conducted using a method described by Tew et al.: this involved adding all starting materials to the 
Schlenk flask prior to starting, as opposed to the previous method (Schanze et aL)9 where solutions of 
the monomers and the catalysts were prepared separately before being combined and degassed after 
combination; a 5% excess of the alkyne monomer was used (see main text for details). All solvents were 
degassed prior to use. 
b Molecular weight determined by one of two methods: for PPE 148, the ratio method was used and for 
PPE 150 end-group analysis. 
by light scattering (running in THF as the eluant) and stated here with the correction factor of 1.42 being 
applied (in parentheses).19 
d Yield not determined as the polymers were stored as solutions in, CHCI3, THF or toluene; 1H NMR was 
used to analyse the polymer. 
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All polymerisation reactions involving the neutral monomers were performed following typical 
coupling procedures. In particular, the similar methods detailed by either Tew et a1.69 or West et 
al.," who synthesised structurally similar PPE derivatives that were decorated with smaller alkoxy 
chains, were found to be the most useful. In general, both monomers and catalysts were placed in a 
Schlenk flask before the organic base and degassed solvent were added. All reactions were 
conducted in an argon atmosphere. The isolated polymers were fine, bright yellow powders. 
In the initial reactions (Table 2.6, entries 1 — 5) variations on monomer composition, reaction times 
and catalyst addition were made, with a slight excess of the alkyne monomer yielding the best 
result. This is consistent with published findings19 where it was found that an excess (1.03 
equivalents) of the bisalkyne monomer was required to circumvent an unavoidable, but minor (1-
10%),19 competing side reaction that resulted in the formation of a small number of diacetylene 
linkages.25 This reaction occurs through oxidative coupling of the alkyne units and necessarily 
reduces the maximum possible molecular weight of the polymer. If the unwanted consumption of 
this monomer is not compensated for, the ensuing stoichiometric imbalance between the two 
monomers limits X, (as described in Chapter One), as is always important in polycondensation 
reactions. For these entries the reaction mixtures were stirred for extended periods (24 — 47 hours) 
and there was only a single addition of the catalyst and co-catalyst. 
Gentle heating of the reaction mixture, was required to start the reaction, but increasing the 
temperature (> 65 °C) was observed to have a detrimental effect, with dark orange insoluble 
impurities isolated. This is consistent with the formation of a cross-linked material, as has been 
previously reported.19 Where possible the polymers were analysed by GPC (in CHC13, against 
polystyrene standards) with the usual caveat that such data carries an inherent overestimation, as 
discussed earlier. The correction factor reported by Bunz et a1.,33 has been applied to the molecular 
weight data presented in Table 2.6, with the adjusted values in parentheses. 
The results from the first 4 entries led to the conclusion that, though the polymerisation started 
efficiently, as observed by the rapid colour change of the reaction mixture, from brown to bright 
yellow, the low molecular weights isolated suggested that the catalyst was possibly being 
deactivated during the reaction, which affected its performance. In order to counter this, the 
following improvements were made: 
• The solvents were degassed for about 30 minutes (with argon) prior to use 
• The catalyst and co-catalyst (Cu(I)I) were added under an argon atmosphere 
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• Crucially, additional quantities of the catalyst materials were added to the reaction vessel 
after the first 24-hour period, to account for the anticipated loss in activity of the original 
catalyst. 
Entry 5 details the findings. The slight improvement in molecular weight is instructive as it 
suggests that the reaction is highly dependent on maintaining the activity of the catalyst. For all 
subsequent reactions, fresh portions of the Pd(0) catalyst were used (the catalyst is most active 
when freshly made and should be a bright yellow crystalline material)19 with samples that were 
slightly darker discarded. Fresh catalyst materials were rapidly employed in all polymerisation 
reactions. 
For entries 3 — 9 the major change in the reaction conditions centred on the increased reaction 
times, to ensure the complete consumption of the monomers. Additionally, the freeze-pump-thaw 
technique was used to ensure that the reaction flask was an anaerobic environment. This led to 
further improvements in the molecular weights of the materials isolated, as determined by 1H 
NMR. For entries 5 and 6, a change in solvent led to good results for the degree of polymerisation, 
as calculated by end-group analysis (entry 5: 20 repeat units, entry 6: > 20 repeat units). These 
improvements could be attributed to the increased solubility of the diiodo monomer in this solvent. 
Our initial reluctance to use toluene as a solvent for the polymerisation stemmed from potential 
problems regarding its removal from the reaction mixture after the polymerisation and that any 
additional signals that could remain in the sample would populate the aromatic region of the 1H 
NMR spectrum, thus rendering the ratio method of molecular weight determination redundant. 
For these latter entries, the samples were stored as solvent solutions, due to solubility problems 
when the polymers were dried. We noticed that upon recovering the polymer from a good solvent 
(usually toluene) and drying under vacuum, the ability to redissolve the material was much 
reduced. This observation was also noted by Schanze et al.,71 who reported that the complete 
drying of polymer films (they synthesised neutral terthiophene end-capped PPEs) resulted in a 
similar problem. This is presumably due to the strength of inter-polymer interactions, which can 
not be overcome by solvation as solvent access to individual polymer chains is limited. As a result, 
subsequent polymer samples prepared by us were stored as stock solutions in chloroform or THE 
that were kept in the dark, after purification by re-precipitation. To obtain NMR spectra, the 
polymer was recovered by precipitating small quantities of the stock solution in an acetone/hexane 
mixture (both of which are non-solvents for the polymer). The solid is then collected by 
centrifugation. 
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In other results, (entries 10 and 11, Table 2.6) an alternative palladium catalyst was used 
(Pd(PPh3)2C12 — which has the advantage of being less air-sensitive) but the switch from the 
traditional Sonogashira catalyst to an air-stable variant, resulted in no improvement in the degree 
of polymerisation (in these cases 	10). 
The three entries 7 — 9, show the results from the final modifications to the original polymerisation 
reactions. The degree of polymerisation for entry 9 (Table 2.6) was estimated to be 30 (21.4 kDa), 
50% larger than the next best. Moreover, the method used to determine the degree of 
polymerisation was improved further as the ratio method, which was used earlier with moderate 
success to gauge the degree of polymerisation, was of limited value when using samples that 
contain trace amounts of toluene (vide supra). A better technique involves using an end-capping 
group that does not alter the luminescence properties of the polymer and has resonances in the 
NMR spectrum that fall in a vacant region and which can be used as a handle to determine the 
molecular weight. To this end, phenylacetylene was used initially, though the aromatic signals from 
this end-cap could not be accurately differentiated from other signals in this region. Therefore, the 
use of 4-iodotoluene (149) as an end-capping group, proved useful as the resonance from the 
methyl group (which appears at 2.4 ppm, a vacant region of the spectrum in this case) was readily 
visible and allowed easy determination of the molecular weight, via integration of this signal. In 
Figure 2.17 the 1H NMR spectrum of the end-capped PPE 150 is shown along with the calculation 
of DP. 
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Figure 2.17 1H NMR of PPE 150. Inset: Integration of areas corresponding to protons b and c allow for 
determination of DP (entry 9, in Table 2.6). 
This result is striking, as it implies that the choice of solvent is critical in attaining high molecular 
weights. The method used in the most successful polymerisation was far removed from the initial 
procedure. Reactions corresponding to entries 8 and 9 were conducted under similar conditions 
with the only change being the solvent. In dry toluene (entry 9) the degree of polymerisation was 
estimated to be double that observed in DMF. Where appropriate, these optimised conditions were 
then applied to all subsequent polyelectrolyte syntheses, paying particularly attention to solvent 
choice. 
Diacetylene defects, caused by the reaction of the palladium catalyst with ethynylides, can be a 
major drawback in the synthesis of PPEs, with repeated inclusion of such defects leading to 
reduced solubility of the formed polymer and lower molecular weights.19 The problem is most 
acute when a Pd2+ catalyst is employed, as a small quantity of the alkyne species is then required to 
reduce the Pd2+ species to its active zero-valent form. Clearly, the problem is much reduced when 
Pd° sources of the catalyst are used though several reports remark that under such conditions diyne 
defects still occur.19 Swager noted that the use of a small excess (— 3%) of the alkyne monomer, 
combined with Pd° catalysts leads to high molecular weight PPEs.25 Other methods employed to 
reduce the incidence of diyne defects include the use of a bis-TMS protected alkyne monomer, 
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which undergoes deprotection in situ (under the basic reaction conditions). This idea was first 
reported by Heitz et al.27 and then elaborated on by Hecht et a1.72 and benefits from reducing the 
concentration of free terminal alkynes in the reaction mixture. The authors claim that this serves to 
reduce competing side reactions (i.e. diyne formation) and seemingly confirm the success of the 
method by noting that no such defects are observed by 13C NMR.22'72 
Indeed, for PPE structures such as PPE 150, diyne defects are observed in the 13C NMR as signals 
that arise at approximately 75 ppm and 80 ppm. The 13C NMR spectra, for a variety of the neutral 
PPEs discussed here, were analysed for the presence of diyne defects. Due to the anisotropic nature 
of such polymers and their minimal solubility at concentrations required for NMR analysis, such 
spectra were generally 'noisy' and few resonances were observed even after a high number of 
scans. As a result it was not possible to observe all the expected resonances for these polymers by 
NMR, though no signals could be detected in the range where diyne signals would be expected. 
Some typical GPC traces for the 2,5-bis(cetyloxy) PPEs (like PPEs 148 and 150) are shown in 
Figure 2.18. The values for M, and M„, ranged between 4600 Da and 45000 Da respectively, with 
PDIs in the range of 1.4 to 4.7, which are similar to reported values for such polycondensation 
processes and confirmed by the broad molecular weight distributions. Attempted acquisition of 
molecular weights data through MALDI-tof analysis failed as an adequate matrix material could 
not be identified. Various matrices were used (with and without the cationisation agent silver 
trifluoroacetate, AgTFA) including a-cyano-4-hydroxycinnamic acid, 2,5-dihydroxybenzoic acid, 
dithranol and trans-3-indoleacrylic acid. Samples were prepared using the dried-droplet technique, 
whereby a solution of the matrix is mixed with the sample (sample:matrix, — 1:4, w/w) and then 
spotted onto the target, with the solvent then allowed to evaporate. However in all cases no spectra 
could be produced. Both positive and negative ion modes were used on the spectrometer with 
various different laser intensities. If MALDI spectra could have been acquired they could be used 
to check for the presence of diyne defects.19 In a report published in 2005, Ellison et al. described a 
new method for acquiring MALDI spectra of neutral ethylene glycol substituted PPEs using the 
evaporation-grinding (E-G) method.73 The authors claim that this new technique is ideal for 
preparing and analysing polymers that have low solubility, as is the case with some PPEs. They 
mixed a 25:1:1 (matrix:PPE:salt) molar ratio with 60 ilL of THE with a pestle and mortar to 
evaporate the solvent and then continued mixing to obtain a fine powder.73 About 5 mg was then 
pressed into a sample well, on the MALDI sample plate. This method provided satisfactory spectra 
and gave high signal-to-noise ratios.73  
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Rapra Technology 
7.00 
Figure 2.18 Typical calculated GPC molecular weight distribution curves for the neutral 2,5-bis(cetyloxy) 
PPE 150, (CHCI3 at 30 °C, 1.0 mL/min, RI detector); molecular weights are relative to PS standards; 
courtesy of Rapra Ltd. 
As part of the full characterisation of the neutral 2,5-bis(cetyloxy) PPEs, the absorption and 
emission spectra for the representative polymer PPE 150 were recorded (Figure 2.19). 
PPE 150 
Wavelength (nm) 
Figure 2.19 The normalised absorption and emission spectrum in THE for PPE 150 ([PPE 150] - 25µM; 
excitation wavelength = 375 nm). 
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In common with other similar neutral PPE derivatives, the polymer was highly soluble in THF, 
CHC13, and DMF, and emits between 400 — 500 nm. The respective absorption (418 nm) and 
emission peaks (445 nm) are consistent with those arising from a high molecular weight PPE 
polymer in a good solvent,71 and further confirm the high degree of polymerisation. The relatively 
narrow emission spectrum also confirms that PPE 150 exists in a non-aggregated state in THF in 
contrast to typical PPE polyelectrolytes that usually exhibit broad emission, due to the formation of 
aggregates.9 
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3 	Second Generation Polyelectrolytes: Synthesis and Sensing Assessments 
3.1 	Synthesis of a second generation cationic PPE and its small model analogue 
In the proceeding chapter, through the synthesis of ionic (water-soluble) and neutral (non water-
soluble) PPE polymers, a greater understanding of factors affecting the synthesis of such materials 
has been gained. The optimisation of a neutral PPE synthesis proved to be particularly instructive 
since long reaction times and high-purity starting materials enabled consistently pure materials to 
be isolated, with moderate molecular weights. Additionally, some typical photophysical and 
quenching properties of CPEs were reported. This information allowed us to consider key features 
that are desirable in a PPE sensor and how, by careful design of the PPE architecture, these can be 
achieved. 
In order to design a synthetic polymer that could interact with the oppositely-charged biopolymer 
DNA, a facile route to a cationic PPE derivative was required. As detailed in the previous chapter 
during the synthesis of the cationic PPE 124, we encountered difficulties when attempting to purify 
the ionic monomers synthesised by functionalising hydroquinone derivatives. We needed an 
alternative route to cationic monomers that would ideally allow for a versatile synthesis to 
functionalised PPEs to be achieved. The first task was to decide upon the type of PPE structure that 
would allow for the strongest interaction (ideally, this interaction should occur close to the 
conjugated backbone) with target analytes and then enable this interaction to be reported with high 
efficiency. 
An important factor is the rigidity of PPEs which is central to the high mobility of excitons in such 
structures. The nature of the recognition units (i.e. whether they are charged or not), and their 
distance from the polymer backbone (Figure 3.1), is also crucial (as will be discussed in Chapter 
Four). 
128 
Conjugated Unit: 
flexible / rigid ? 
Others ? 
Functionalisation 
required ? 
Chapter Three 
	
Second Generation Polyelectrolytes: Synthesis and Sensing Assessments 
Recognition / solubility 	 + I 
functions -`s\ OR -------N\\  
Tether length 
0 	\ 
c=-='K 
OR other ? 
n 
Figure 3.1 Important considerations in designing PPE architectures. 
It was envisioned that by keeping the distance from the backbone to a minimum, efficient energy 
or electron transfer to quencher molecules would be realised. We opted to polymerise a cationic 
monomer which allowed rapid entry to the corresponding water-soluble PPE 155 (Scheme 3.1), 
without the need for polymer-analogous transformations. The cationic charges associated with the 
trimethylammonium groups and the polymer backbone are separated by a distance of only four 
bond lengths, so we reasoned the polymer should exhibit efficient electron transfer from the 
conjugated backbone to an electron-deficient quencher. 
Importantly for the current purposes, the selected polymer system, in addition to being compatible 
with DNA sensing, is sufficiently flexible to allow the potential targeting of multiple enzymes 
depending on the choice of quencher molecule, as will be described in later sections (Chapter 
Five). 
The design meant that water solubility could be achieved with the minimum number of functional 
groups present on the monomers: only one monomer required extensive functonalisation, allowing 
the final polymer and a related shorter analogue molecule, PE 154, to be obtained in just four steps 
overall without any post-polymerisation reactions, as outlined in Scheme 3.1. In the first instance, 
the second aromatic ring in the repeat unit (in red, Figure 3.1) was not functionalised so as to 
minimise the number of steps required to synthesise the polymer. An ammonium group was 
selected to endow the polymer with cationic charges due to the ease with which it could be 
incorporated into the structure. The performance of the polymer was assessed against that of the 
smaller analogue molecule PE 154. 
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The synthetic route to the second generation PPE 155 and its corresponding smaller model 
analogue PE 154 (Scheme 3.1) were based partly on a synthesis by Schanze et al., published at 
around the same time, which described an anionic PPE derivative. In this paper, commercially 
available 1,4-bis(2-hydroxyethoxy)benzene (151) was converted to 1,4-bis(2-
bromoethoxy)benzene (152) which was successfully iodinated with the hypervalent iodine species 
bistrifluoroacetate iodobenzene (147), under mild conditions, to yield 2,5-diiodo-1,4-bis(2-
bromoethoxy)benzene (140). Schanze et al. then used monomer 140 to gain entry to a phosphate 
derivative, which they used to synthesise PPE 42 (see Chapter One). For our purposes, it was clear 
that monomer 140 could be modified using many different functional groups and this represented a 
better alternative to (monomer 122) 2,5-diiodo-1,4-bis(2-bromopropoxy)benzene. 
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Scheme 3.1 Synthetic route to small model analogue PE 154 and polymer PPE 155. Conditions: i) Br2, 
PPh3, MeCN, 20 °C, 4 h, 89%; ii) Phl(CF3CO2)2 (147), 12, CH2Cl2, 20 °C, 6 h, 84%; iii) 45% NMe3 in H2O, 
EtOH, acetone, reflux, 18 h, 64%; iv) phenylacetylene, Pd(PPh3)4, Cu!, 'Pr2NH, Me0H/H20, reflux, 20 h, 
75%; v) 1,4-diethynylbenzene (106), Pd(PPh3)4, Cul, iPr2NH, DMF, 50 °C, 24 h, 71%. 
The basic structure of the starting material 151 is such that the side chains (1,4-bis(2-
hydroxyethoxy)) are already in place and, after initial functionalisation of this diol to create 
convenient leaving groups (formation of 1,4-bis(2-bromoethoxy) groups), a series of subsequent 
nucleophilic substitution reactions provided quick access to the cationic monomer. The synthesis of 
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the cationic monomer 153 was completed by adapting the method of Schanze et al.1 Bromination 
of the commercially available diol 151 proceeded smoothly and in 89% yield, 4% higher than the 
published result. 
Iodination of 152 was accomplished using bis(trifluoroacetoxy)iodobenzene (147) in CH2C12 at 
room temperature (84% yield; a 21% increase on the reported yield). This convenient iodination 
method is useful in the synthesis of heterocyclic derivatives.2 Iodine is unreactive in aromatic 
substitution reactions and requires the presence of an oxidising agent to generate a better 
electrophile (such as `I+').3 Merkushev et al. postulated that the reaction between 147 and iodine 
generates trifluoroacetylhypoiodide (156).4 A mechanism for this is suggested in Scheme 3.1. The 
driving force for the reaction is the favourable formation of iodobenzene. The iodination then 
proceeds in the usual manner for electrophilic aromatic substitution (Scheme 3.1). 
The purity of both 152 and 140 was confirmed by TLC, where both molecules were observed as 
single spots, and 13C NMR where all resonances could be assigned to the carbon atoms in the 
molecules. The other spectroscopy data matched that reported.' Treatment of 140 with an aqueous 
solution of trimethylamine gave the novel cationic monomer 153 as a white crystalline solid in 
64% yield. The purity of the monomer was confirmed by TLC (one spot) which had to be run on 
neutral alumina plates due to the polarity of the monomer. The expected resonances in the 13C 
NMR were all assigned with no impurities observed and the elemental analysis provided further 
evidence of the purity, with the carbon, hydrogen and nitrogen analyses being within 0.09% of 
their expected values. 
The Sonogashira-Hagihara polycondensation of monomer 153 with 1,4-diethynylbenzene (106, 
synthesised as described in Chapter Two) was conducted in the presence of Pd(PPh3)4 and 
copper(I) iodide as co-catalyst. As previously reported by Swager et al.,5 we also observed a more 
efficient polymerisation process when a small excess (5%) of the bisalkyne monomer was used (as 
described in Chapter Two). The optimised conditions described in the previous chapter were 
employed for this polymerisation. After rigorous deoxygenation using three freeze-pump-thaw 
cycles, the monomers and diisopropylamine were heated to 50 °C in a DMF/water mixture under 
an argon atmosphere for 24 hours. The resulting novel polymer was isolated by precipitation into 
cold methanol to furnish PPE 155 in 71% yield as a bright yellow solid. The yields for similar 
polymerisations are in the range 49 — 69%.1,6  Other characterisation data for the polymer (vide 
infra) was consistent with the material being isolated cleanly. 
The small model analogue PE 154 was prepared by a similar cross-coupling procedure involving 
monomer 153 and phenylacetylene, which resulted in a 75% yield after recrystallisation (the 
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typical range for similar reactions is 61 — 75%). The purity of the small model analogue was 
confirmed by TLC (one spot) and 13C NMR where the spectrum contained all expected resonances. 
Exact NMR assignments were made using 2D NMR and by comparison to the small model 
analogue PE 133 (see section 3.3). Despite drying the monomer in a vacuum oven for several days, 
the elemental analysis indicated that water (3 water molecules per ammonium unit) was still 
present in the sample, which is indicative of the hygroscopic nature of the material. 
The limited solubility of PPE 155 (at the mM concentration level required for NMR) resulted in a 
noisy 13C NMR spectrum being recorded, which did not allow for complete structure assignment, 
but the 'H NMR was consistent with the structure of the polymer shown in Scheme 3.1. It is 
important to emphasise that at the concentration level at which sensing experiments are conducted 
10 uM) these materials display excellent solubility in both methanol and water. As previously 
described (Chapter Two), the 13C NMR spectrum was checked for the presence of diyne defects 
(Figure 3.2). In the region of interest, only one triple-bond resonance can be observed, which 
suggests that the use of the Pd(0) catalyst prevented the formation of structural defects. 
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Figure 3.2 13C NMR spectrum of PPE 155 (100.6 MHz, d6-DMSO, 298 K). The inset shows the region of 
potential diyne defects — in this case the only resonance present is assigned to the expected alkyne 
motif. 
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Determination of the molecular weight by GPC is problematic for PPEs due to the inherent rigidity 
of the polymer backbone and the difficulty of finding adequate chromatographic conditions that 
rule out aggregation effects, which invariably lead to an overestimate in the molecular weight.' 
GPC analysis of PPE 155 in DMF was not possible due to limited solubility at the concentration 
level (mM) required for chromatography but exchange of the bromide counter-ions for 
hexafluorophosphate anions slightly improved the solubility of the polymer in this solvent. This 
was evidenced in the ease with which the sample could be filtered and on standing for 24 hours, a 
reduced amount (not weighed) of the polymer precipitated out of the solution as compared with the 
unmodified material. This change allowed a molecular weight estimate of 7.5 kDa to be made 
relative to polystyrene standards. This implies an approximate degree of polymerisation of 13 
repeat units, though this falls to 9 when a correction factor described by Bunz et al. is appliee's  
Other attempts at acquiring GPC data for PPE 155 are detailed in Table 3.1. In general 
unsatisfactory chromatograms were obtained with unmodified PPE 155, with the polymer 
undetected as it passed through the column and before the detectors. The addition of 10 mM LiC1 
to an eluant system is known to reduce intermolecular interactions in polar solvents, by screening 
charges.9 However, in our case the addition of this salt had no beneficial effect. The flow rate 
changes detailed in Table 3.1 reflect alterations in the solvent flow through the instrument and had 
no affect on the ability to detect the polymer. 
Table 3.1 Details for attempts at GPC analysis of PPE 155. 
Entry Solvent Conditions Results 
1 
2 
3 
4b 
H2O 
DMF 
DMF 
DMF 
1% NaN3 
flow rate of 0.5 mL min-1  at 50 °C 
no salt added 
flow rate of 1.0 mL min-1  at 40 °C 
10 mM LiC1 
flow rate of 1.0 mL min-1  at 40 °C 
flow rate of 0.5 mL min-1  at 40 °C 
polymer undetected 
polymer undetected 
polymer undetected 
weak polymer peak 
detected 
Ina the RI detector. which was the only detection technique available: bmodification of the oolvme 
ion exchange (see text for details). 
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Figure 3.3 Determination of the molecular weight of PPE 155 by SDS gel electrophoresis, relative to 
denatured protein markers. (a) Lanes 1 and 2 show the protein standards used and lane 3 displays the 
progress of PPE 155, through the gel, after coomassie staining (for details, see the Experimental 
section). Though the entire polymer sample did not enter the gel, a sufficient amount did penetrate 
allowing distributions to be distinguished. (b) The calibration curve constructed by considering the 
migration distance of the standards in the gel. Inset; structure of the gel used. 
Attempts were also made to determine the molecular weight for PPE 155 via gel electrophoresis 
(Figure 3.3).10 This technique separates charged macromolecules in a supporting medium, such as 
agarose or polyacrylamide gel. In this case the most suitable gel was tricine and the protein 
standards used were presumed to be fully denatured under the experimental conditions (the buffer 
contained sodium dodecyl sulphate, SDS) and so in this state can be considered as rigid-rods. This 
allows for a more accurate estimate of the molecular weight for the synthetic polymer, which is 
similarly considered as a rigid-rod polyelectrolyte. The results from this analysis revealed that two 
main molecular weight distributions were present, at 7100 Da and 12200 Da. The former is 
consistent with the result obtained from GPC analysis, but the second distribution was not detected 
using this technique, thus showing the benefit of the electrophoresis method. 
The thermal decomposition of PPE 155 was monitored by thermal gravimetric analysis (TGA) 
which revealed a distinct two-step weight loss (Figure 3.4). Between — 275 — 480 °C, a 69% weight 
loss is observed which is then followed by a more gradual loss (34%) between — 480 — 700 °C. 
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Figure 3.4 Thermogravimetric analysis (TGA) of PPE 155 (heating rate of 10 °C/min, under N2). 
The 69% weight loss could be attributed to the loss of NMe3, HBr and water from PPE 155. This 
correlates with the elemental analyses data for PPE 155, which indicated the presence of 
approximately 23 water molecules associated with the polymer. In a recent report, Lu et al. 
analysed a phenylene ethynylene benzothiadiazole alternating copolymer by TGA and 
demonstrated that it had high thermostability.11 A weight loss of only — 5% was noted up to a 
temperature of 321 °C. Bailey and Swager also considered the thermal decomposition of a dialkoxy 
PPE which contained a pentitycene motif and recorded a weight loss of 5% at a temperature > 200 
°C.12 These results are in close agreement with those measured for PPE 155, where a 5% weight 
loss was observed at a temperature of 278 °C. DSC analysis of PPE 155 indicated decomposition. 
3.2 	Towards phosphate selectivity — synthesis of an isothiouronium small model analogue 
The ultimate aim of the work was to develop a polymer-based sensor that, in the first instance, 
could be used to selectively detect either ss/ds-DNA or -RNA in solution and then go on to 
discriminate between these strands, allowing identification of single base-pair mismatches. In order 
to build this kind of selectivity into conjugated polymers, the reacting monomers have to be 
functionalised with carefully selected groups that have innate phosphate group recognition 
abilities. 
In this regard, the reporting of the recognition process by the polymeric material could be 
envisaged to occur in one of two ways; the interaction of the CP with the target material could 
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trigger a quenching response, which could be used to determine the extent/nature of the binding 
process. Alternatively, if the CP was appropriately functionalised, contact with target analytes 
could be designed to lead to a rise in emission from the polymer. The ideas are presented in Figure 
3.5. 
(a) 
	CP Sensory Schemes 	
(b) 
I Add DNA 	 Add DNAI 
No PET 
Figure 3.5 Summary of strategies for ion selectivity; (a) the 'turn-on' and (b) the `turn-off approaches. 
Literature precedent for the latter idea exists and stems from the chemistry of anion recognition, 
which has long been an important aspect of supramolecular chemistry. Phosphate-selective 
receptors have been extensively studied in this regard, due to their potential use in biological 
applications.13 To obtain selective binding, several recognition motifs have been studied including 
amides, ureas, thioureas, imidazoliums, and guanidiniums.'4 All these moieties bind to the target 
anion through hydrogen bonding and electrostatic interactions.15 Recently there has been an 
additional receptor added to this group which has shown very selective binding affinities for 
phosphates anions. The isothiouronium group (which is effectively a sulphur analogue of the 
guanidinium group) was first shown as a promising candidate in this area by Yeo et al ,16 who 
reasoned that the large dipole moment and the increased acidity of the NH groups due to S-
alkylation would lead to a stronger binder. Since this disclosure, several groups have demonstrated 
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that this moiety has superior affinity for oxoanions including phosphate groups.17 Recently, 
Teramae et al14,18,19 have reported an interesting use of this receptor, in combination with a 
fluorophore, to generate a chemosensing device. The sensor uses an isothiouronium-based receptor 
tethered to a naphthalene/anthracene fluorophore as a signalling device; upon exposure of the 
chemosensor to phosphate salts, an approximate 10-fold increase in the emission intensity resulted. 
The authors attributed this increase in emission to suppression of the PET effect, induced by the 
isothiouronium group, upon addition of the phosphate ions. This system acts effectively as an 
electron donor (naphthalene unit) and acceptor (isothiouronium) pair. They also identified the 
optimal separation needed between the isothiouronium and naphthalene units. An ethylene spacer 
provided the best balance between efficient PET (and therefore fluorescence signalling) and 
stability.19 This result, and similar findings, (e.g. the detection of alkali metal ions, by fluorescence 
enhancement)20 persuaded us to pursue a strategy whereby the incorporation of isothiouronium 
binding units along the PPE backbone, would lead to a similar enhanced response. 
The observation of no emission (or severely quenched emission) in the absence of phosphate ions 
followed by an increase in emission upon addition of such anions is a desirable effect. This is 
because it is easier to detect increases in emission intensity as they are less likely to be due to 
artefacts, unlike emission quenching, which can be triggered by a variety of effects including 
changes in the ionic strength of the solution. The noteworthy result described by Teramae et al., if 
applied to the highly sensitive CPE systems, would provide an alternative to the traditional 'turn-
off' PPE sensors. 
The first step in obtaining an isothiouronium derivitised polymer was to functionalise the 
monomers accordingly. The versatile monomer intermediate 140 was the ideal candidate for 
grafting on a binding group and the isothiouronium moiety 159 was synthesised in 79% yield 
(Scheme 3.2). The structure of this novel monomer was confirmed by 1H and 13C NMR which also 
indicated that the molecule was produced cleanly as confirmed by elemental analysis evidence (the 
measured carbon percentage was within 0.01% of the expected calculated value). 
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Scheme 3.2 Synthesis of isothiouronium monomers and attempted synthesis of isothiouronium- 
containing small model analogue. Conditions: i) 1,3-Dimethylthiourea (122), Me0H/MeCN, 80 °C, 24 h, 
79%; ii) Me0H (80 °C), NaBPh4, 5-10 mins, 62%; iii) 2.0 M NaOH, H2O (95 °C), 5-10 mins, 71%; iv) 
phenylacetylene, Pd(PPh3)4, Cul, iPr2NH, Me0H/H20, reflux, 20 h; v) phenylacetylene, Pd(PPh3)4, Cul, 
'Pr2NH, Me0H, reflux, 20 h; vi) phenylacetylene, Pd(PPh3)4, Cul, 'Pr2NH, Me0H, reflux, 20 h. 
Attempts to make the model isothiouronum sensor PE 162 directly from 159 resulted in a dark oily 
residue, presumably from catalyst decomposition during the cross-coupling reaction. Various 
solvents and reaction conditions were tried without success. A variant of the thiouronium moiety 
was also synthesised, by addition of concentrated sodium hydroxide solution to a hot aqueous 
solution of 159 (Scheme 3.2). However, this neutral derivative (161) also failed to give the desired 
cross-coupled product (PE 163), yielding similar results. 1H NMR analysis indicated that in both 
cases, the starting materials were still present at the end of the reaction along with resonances in 
the aromatic region which could not be identified. 
In a further attempt to obtain an isothiouronium-containing small model analogue, monomer 160 
was synthesised by addition of excess sodium tetraphenyl borate to a methanolic solution of 159. 
However, the ion-exchanged product proved no better at undergoing the cross-coupling reaction (to 
yield PE 164), with similar dark, oily residues isolated. Ili NMR suggested that the starting 
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material had been consumed but indicated no product formation and the presence of an 
unidentifiable material. 
Due to time constraints, no attempts were made to identify the unwanted residues that were 
isolated. However, we reasoned that the interaction of the thiouronium groups (specifically the 
sulphur atom) with the metal catalyst, could lead to either decomposition or complete deactivation 
of the metal catalyst. This is reinforced by examples of reduced efficiency for similar reactions in 
the presence of sulphur. During the synthesis of tetrathiafulvene cruciform structure PE 167, the 
yield was improved by employing modified cross-coupling conditions (extensive reaction 
optimisation, resulting in a different palladium catalyst being employed: PdC12(PhCN)2)21'22 along 
with ultrasonication, which is known to enhance catalyst turnover in Sonogashira couplings 
(Scheme 3.3).23 Despite these efforts, only a small increase in the yield was observed, from 26% to 
a modest 56%, which is low compared with most Sonogashira coupling reactions.21  
Scheme 3.3 Nielsen et al.'s synthesis of a tetrathiafulavene cruciform.21  Conditions: i) 166, 
[PdCl2(PhCN)2], Cul, P(tBu)3, 'Pr2NH, NaOMe, THF, toluene, ultrasound, 56%. 
In light of the findings by Nielsen et al.21 and in an effort to avoid the cross-coupling problems 
encountered with monomers 159 — 161, we opted to protect the isothiouronium motif in these 
molecules. Nielsen et al. noted that protection of the terminal sulphur atoms with t-Butyl groups 
improved their resistance to strongly acidic or basic conditions.21 In our case, the sulphur atom in 
monomers 159 — 161 is part of an isothiouronium motif and so is not analogous to the Nielsen 
example, but their work suggested that given the basic Sonogashira conditions, some protection of 
the recognition group may be necessary. 
To examine this idea the protected thiourea 168 was isolated by BOC protection of monomer 161 
(Scheme 3.4). Unfortunately, the new monomer was not obtained cleanly as evidenced by TLC 
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(two spots) and 1H NMR where the impurity gave rise to a resonance in the aromatic region (7.18 
ppm) and as a shoulder on the resonance centred at 4.15 ppm (-OCH2 resonance of 168). Several 
attempts to purify the monomer were made. The material appeared to dissolve in hot ethanol and 
precipitate from the same solvent when the solution was cooled. Recrystallisation of this monomer 
from ethanol appeared to proceed smoothly, but when analysed by 1H NMR the same impurities 
remained. Though the isolated material was visible as two spots, separation by column 
chromatography proved difficult as the products ran closely (separated by less than R1= 0.1) in the 
most suitable solvent (CHC13). The different fractions displayed narrow separation when travelling 
down the column (visualised using a short-wavelength, 254 nm UV lamp) but gradually coalesced 
as they neared the middle of the column. 1H NMR of the resulting fraction indicated that the 
separation had not been successful. 
It was hoped that the cross-coupling reaction with phenylacetylene, to give the protected PE 169, 
could proceed smoothly as the propensity for interaction of the isothiouronium groups with the 
palladium catalyst would be reduced (Scheme 3.4). We intended to separate the impurity from PE 
169 at the end of the reaction. The small model analogue PE 169, obtained as a fluorescent 
material in poor yield, could not be isolated cleanly. Attempts to perform column chromatography 
(in acetone) failed to separate the product from the other materials present (TLC indicated the 
presence of two other materials, possibly resulting from partial or full deprotection of the 
molecule). 
Column chromatography seemed appropriate for purifying PE 169 as it allowed us to exploit the 
apparent higher polarity of the product which had an Rf value of 0 in hexane. The impurities were 
then washed through the column, as they ran well above the product, and then the product was 
washed through with acetone. Despite this, the compound still contained trace amounts of 
impurities as judged by 'H NMR, with the resonances appearing in the same position as for 
monomer 168. Attempts to purify the product by recrystallisation from hexane also failed to affect 
the necessary purification with the unwanted materials still being present (and yielding the same 
results by 1H NMR). 
141 
i 
161 
—N 
—NBoc 
PE 169 ,NBoc / 
Impure 
N— 
o
,---,..., ,„-S— 
NBoc 
/ 
N- 0,....../....---„s_ 
NBoc 
/ 
168 
Impure 
ii 
Chapter Three 	 Second Generation Polyelectrolytes: Synthesis and Sensing Assessments 
Scheme 3.4 Attempted synthesis of a protected small model analogue PE 169. Conditions: i) (Boc)20, 
NaH, 20 °C, 19 h; ii) phenylacetylene, Pd(PPh3)4, Cul, 'Pr2NH, Me0H, reflux, 20 h. 
An alternative route to the protected small model analogues was devised (Scheme 3.5). It was 
anticipated that protecting the thiourea prior to grafting onto monomer 140, would avoid problems 
associated with the purification of moieties like PE 169. The bis BOC protected 171 was isolated 
in 72% yield after column chromatography; however the attempt to isolate the tetra BOC protected 
isothiouronium monomer 172 by treating monomer intermediate 140 with 171 resulted in complete 
recovery of the starting materials even after prolonged heating at elevated temperatures (> 100 °C). 
It was anticipated that the nucleophilicity of the thiourea was diminished as the BOC groups 'tied-
up' the lone-pair of electrons on the nitrogen atoms of the thiourea moiety. The expectation was 
vindicated when the same reaction was repeated with the commercially available demethylated 
thiourea 173. 
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Scheme 3.5 Synthesis of protected isothiouronium monomers and a corresponding small model 
analogue PE 175. Conditions: i) (Boc)20, NaH, THF, 20 °C, 19 h, 72%; ii) 140, MeCN, 85 °C, 48 h; iii) 
140, NaH, THF, 20 °C, 19 h, 96%; iv) phenylacetylene, Pd(PPh3)4, Cul,'Pr2NH, toluene, 20 °C, 20 h, 
69%. 
Presumably the un-substituted thiourea 173 possesses a more nucleophilic thiocarbonyl group 
compared to 171 (Scheme 3.5) and as a result went on to react with 140 efficiently to give the tetra 
BOC protected monomer 174. The same palladium cross-coupling conditions as employed in the 
synthesis of PE 154 (Scheme 3.1) were used to couple 174 with phenylacetylene, which furnished 
the small model analogue PE 175. Complete deprotection occurred during the reaction, presumably 
due to the presence of the metal which could serve as a Lewis acid. This was confirmed by NMR, 
where there was no evidence of the III resonances that appeared at — 1.5 ppm due to the t-butyl 
groups of the BOC moiety. 
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The cleavage of acetate groups during a similar Sonogashira cross-coupling reaction has been 
witnessed previously.24 As in this case, it is presumed that the metal can serve as a Lewis acid, 
allowing facile cleavage of the protecting group. 
Having encountered potential compatibility problems between the cross-coupling chemistry of the 
Sonogashira reaction in the presence of isothiouronium groups, we sought to explore other 
potential anion receptors. A common alternative includes the guanidine unit which was identified 
as a suitable target as there are numerous reports in the literature regarding the use of this moiety as 
a phosphate receptor and as an interesting structural motif in various natural products (e.g. it is 
present in the amino acid arginine).15 
Additionally, the chemistry of guanidines is well established and many reports detail how fully 
protected guanidines can be incorporated into natural products25 and other biologically relevant 
compounds.26 The importance of protecting guanidines is clear; the native gaunidinium ion is 
protonated at physiological pH and remains protonated over a large pH range (pka = 13.5).15 Less 
basic (and therefore less polar) derivatives are sought which are amenable to easy purification by, 
for example, column chromatography.26 
Several studies have been published describing ways of incorporating this structural moiety into 
various targets, usually via electrophilic amidine species.26 Our aim was to combine the chemistry 
of guanidines with our existing methods for functionalising monomer intermediates. It was 
envisaged that the monomer intermediate 140 could be used as a starting point for a receptor 
molecule that contained a guanidine unit. The synthesis of the novel tetra BOC protected 
guanidinium derived monomer 177 was based on a preparation described by Feichtinger et al.27 
and was accomplished in 93% yield, as detailed in Scheme 3.6. 1H NMR data was consistent with 
the expected structure. Subsequent coupling of this molecule with phenylacetylene, using the same 
cross-coupling conditions as employed in the synthesis of PE 154, resulted in an impure sample of 
PE 178 being recovered. Multiple resonances could be attributed to this impurity; a resonance at 
3.48 ppm (multiplet) along with shoulders on the resonances at 4.37 ppm 7.04 ppm could be 
observed. A similar result occurred for the polymerisation (leading to PPE 179), where unwanted 
broad resonances were visible at 4.19 ppm and 4.33 ppm as well as another broad resonance at 
1.05 ppm. Additionally, it appeared that some deprotection had occurred, though quantifying this 
was complicated by the BOC resonance being overlapped by the water resonance. 
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Scheme 3.6 Attempted synthesis of a guanidinium-containing PE and PPE. Conditions: i) 140, NaH, 
THF, 20 °C, 18 h, 93%; ii) phenylacetylene, Pd(PPh3)4, Cul, iPr2NH, DMF, 20 °C, 20 h; iii) 1,4- 
diethynylbenzene (106), 4-iodotoluene (149), Pd(PPh3)4, Cul, iPr2NH, DMF, 50 °C, 90 h. 
For both the small model analogue PE 178 and the polymer PPE 179 it is possible that some of the 
`extra' resonances observed in the III NMR spectra could be attributed to the different structures 
that would result from partial deprotection. There was insufficient time to pursue further 
purification protocols and as both materials along with PE 175 were un-optimised (from an ion-
detection standpoint) we decided to analyse PE 175, which was isolated cleanly, to learn about how 
its emission responds upon exposure to phosphate ions. The findings are detailed in section 3.4. 
3.3 	Synthesis and characterisation of a neutral water-soluble PPE and its corresponding 
small model analogue 
As discussed in Chapter One, neutral water-soluble CPs could serve as useful alternatives to ionic 
versions for biosensing applications, as non-specific interactions may be minimised. As a result, 
different examples of this class of polymer have been published, based on poly(thiophene) and 
poly(phenylene ethynylene) backbones (detailed in Chapter One). In order to gain a better 
understanding of the molecular weight profile of the second generation PPEs produced and to 
accurately characterise these new materials by NMR, a novel neutral water-soluble PPE and its 
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corresponding small model analogue PE 181 were synthesised (also novel and shown in Scheme 
3.7) using the optimised polymerisation conditions detailed in Chapter Two (section 2.3.2). The 
polymer, PPE 182, had increased solubility in water, DMF and THF which allowed for easy 
characterisation by NMR and GPC, unlike the previously synthesised PPEs. 
Scheme 3.7 Synthesis of a neutral water-soluble PE and PPE. Conditions: i) 2-(2-Chloroethoxy)ethanol, 
K2CO3, DMF, 75 °C, 6 d, 60%; ii) phenylacetylene, Pd(PPh3)4, Cul, iPr2NH, DMF, 20 °C, 44 h, 83%; iii) 
1,4-diethynylbenzene (106), Pd(PPh3)4, Cul, iPr2NH, DMF, 45 °C, 32 h, 87%. 
Despite the improved solubility of PPE 182 in organic solvents, compared to the previously 
described PPEs, the 13C NMR displayed a high level of noise. The alkyne region contained very 
weak signals due to the expected triple-bond resonances, but the nature of the spectrum did not 
allow for complete assignment and it was not possible to check for diyne defects. The 
unsatisfactory 13C NMR spectrum suggested that the rate of molecular tumbling of the polymer 
had been reduced possibly by aggregation effects. 
The increased solubility of PPE 182 in DMF and THF allowed for determination of the molecular 
weight by GPC (Figure 3.6a and Figure 3.6b). 
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M„ = 68.9 kDa 
Mn = 38.1 kDa 
= 21.0 kDa 
10  20 	 30 
= 151 kDa 
PPE 182 in DMF 
Elution Time (mins) 
(b) PPE 182 in THF 
Figure 3.6 (a) GPC chromatogram for PPE 182 (DMF at 40 °C, 0.5 mL/min, RI detector); traces in light 
grey correspond to PS standards. (b) Molecular weight distribution curve for PPE 182 (in THF at 40 °C, 
0.5 mL/min, RI detector), courtesy of Rapra Ltd; Mr, = 5100 Da, MW = 6800 Da, PDI = 1.4. 
The number-average molecular weight of PPE 182 was estimated by GPC (DMF as eluant; Figure 
3.6a) to be 59.8 kDa (relative to polystyrene standards) corresponding to an approximate degree of 
polymerisation of 147 repeat units, (the correction factor described by Bunz et al. reduces this to 
103 repeating units).7'8 The broad molecular weight distribution is consistent with such 
polycondensations,8 but despite the apparent good solubility, some aggregation effects during the 
chromatography, can not be ruled out. A small sample of PPE 182 was sent to an external polymer 
analysis laboratory where GPC was performed in THF (the polymer displayed good solubility in 
the solvent). Though not the ideal solvent for this polymer, a small quantity did dissolve after 
prolonged heating and gave rise to the curves shown in Figure 3.6b. An appreciable amount of the 
polymer sample remained undissolved, even after heating and standing and this is likely to be the 
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higher molecular weight material, which could explain the large discrepancy between the GPC 
results for the THE and DMF systems. 
The thermal decomposition of PPE 182 was monitored by TGA (shown in Figure 3.7). In contrast 
to that recorded for PPE 155, minimal weight loss (41% in total, up to a temperature of 800 °C) 
was observed over the heating range, with the only significant losses occurring at between 100 —
360 °C (— 10%) and 304 — 439 °C (— 20%), demonstrating the increased thermal stability of this 
polymer compared to PPE 155. The first of these weigh losses can be correlated with the loss of a 
small amount of water from the polymer sample, as confirmed by elemental analysis for this 
material. 
0 100 200 300 400 500 600 700 800 900 
Temp. (°C) 
Figure 3.7 Thermogravimetric analysis (TGA) of PPE 182 (heating rate of 10 °C/min, under N2). 
The result in Figure 3.7 can be evaluated against literature examples (see section 3.1). Compared 
with the polymer described by Lu et al. (a PPE/benzothiadiazole copolymer, where a weight loss of 
5% was recorded at a temperature of 321 °C)II and the pentiptycene-containing dialkoxy PPE first 
reported by Bailey and Swager (where the temperature at a weight loss of 5% was > 200 oc),12 
PPE 182 displays comparable thermal stability. In this case, a 5% weight loss corresponds to a 
temperature of 293 °C. 
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3.4 	Spectroscopic investigation of the `turn-on' effect for an isothiouronium small model 
analogues 
In this section, the results from investigations into the fluorescent enhancement effect displayed by 
small model analogue PE 175 are reported. 
The small model BOC-protected isothiouronium analogue PE 169 and the polymeric guanidinium 
analogue PPE 179 were not investigated in any quenching/un-quenching experiments as they could 
not be obtained in a pure form. However, despite the presence of the impurity isolated together 
with guanidinium small model analogue PE 178 (detailed in section 3.2), this novel material was 
also analysed in the same way as for PE 175 because there are no reports of guanidinium groups 
used as emission quenchers in an analogous way to the well documented role played by 
isothiouronium derivatives. 
The absorption and emission spectra for PE 175 are shown in Figure 3.8 and are similar to those 
observed for the structurally similar dialkoxy derivative PE 154. This was expected as changes to 
the peripheral functional groups would not alter the emission which emanates from the conjugated 
phenylene ethynylene unit. 
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Figure 3.8 Normalised absorption and emission spectra, in methanol, of a 10 OA solution of PE 175. 
This small model analogue was highly soluble in DMSO and methanol but not water. The 
respective absorption and emission peaks are: 354 and 410 nm. The isothiouronium model 
149 
PE 175 + PDP + Me0H 
Em
is
si
on
  In
te
ns
ity
  (a
.u
.)  
800 
700 
600 
500 
400 
300 
200 - 
100 - 
0 
Chapter Three 	 Second Generation Polyelectrolytes: Synthesis and Sensing Assessments 
analogue PE 175 was analysed for a `turn-on' effect. Based on similar studies it was anticipated 
that this material might behave as a `turn-on" sensor — i.e. a fluorescence enhancement would be 
observed upon exposure of PE 175 to oxoanions such as phosphate ions. The emission spectra of a 
10 tM solution of PE 175 in non-degassed methanol is shown in Figure 3.9 at increasing 
concentrations of potassium dihydrogen phosphate (PDP) as its [18-crown-6] salt. 
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Figure 3.9 The emission spectra in non-degassed methanol of 10 u.M PE 175 at increasing 
concentrations of potassium dihydrogen phosphate as its [18-C-6] salt ([K+-18-C-6]) (PDP). The inset 
shows how the intensity changes with added PDP, though only a modest rise is observed. 
A small 8% increase in the emission intensity was observed upon addition of the phosphate salt 
(total concentration was 0.90 mM). In the example described earlier (section 3.2), Teramae et al. 
observed an increase of — 400-times the initial intensity.19 Despite the clear structural differences 
between the examples (Teramae et al. used a naphthalene unit as the fluorophore) the main change 
is attributed to the size of the intervening distance between the isothiouronium receptor and the PE 
backbone, which in our case is up to two bond-lengths longer, and contains an alkoxy linkage. 
These differences may be crucial and presumably disrupt the potential for efficient PET from the 
PE unit to the receptor and therefore recognition of anions by the isothiouronium is inefficiently 
reported. 
Teramae et al. pay particular attention to this; they considered the efficiency of the PET process 
between, in their case, the naphthalene and isothiouronium motifs using the Rehm-Weller 
equation.19 From this they reasoned that the pair act as electron donor and acceptor respectively 
and that the distance separating the two is of central importance in determining the emission 
intensity of the fluorophore. Therefore, where possible a shorter CH2 spacer is preferable to a 
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longer carbon chain. To the best of our knowledge, there are no reports examining the importance 
of the spacer distance beyond three intervening carbons, and if heteroatoms (such as oxygen, as 
part of an alkoxy linkage) mitigate the PET process. In Chapter Four, this point is studied further 
and we report on a small model analogue that contains a recognition unit which is directly attached 
to the conjugated backbone. 
A sample of the impure guanidinium-derived PE 178 was analysed in the same way, as it was of 
interest to observe what effect, if any, would be observed upon adding phosphate ions to a solution 
of the receptor. In methanol, this small model analogue yielded broadly similar results to those 
found for PE 175; the emission from PE 178 increased by — 10% after addition of phosphate ions 
(potassium dihydrogen phosphate). Few conclusions can be drawn from this modest increase (and 
indeed for that measured for PE 175) as small errors in the volumes of solutions added could lead 
to changes in the emission intensity recorded. Although not investigated, the impact such errors 
would have on the emission level could be easily checked by control experiments, though in this 
case we estimated that the error associated with the emission intensities to be approximately ±1%. 
Such dilutions (i.e. additions of small aliquots of the phosphate ion solution) would be expected to 
yield a decrease in emission, but importantly, the presence of polar H-bond receptor units on both 
small model analogues, could lead to strong self-association (giving rise to some form of 
aggregation, and resulting in self-quenching) that would be disrupted in the presence of anions. To 
clarify the differences observed, it would be necessary to investigate the impact that the size of the 
bridge between the receptor and PE fluorophore has on the emission intensity. This is given 
consideration in Chapter Four, where a PE unit directly attached to a receptor is found to be 
approximately twice as sensitive to analytes as compared with small model analogues like PE 175 
and PE 154. 
3.5 	Analysis of a neutral water-soluble PPE and PE 
Though no emission quenching experiments were recorded for PE 181 and PPE 182 (as these 
materials were used to aid the assigning of characterisation data for this family of polymers and 
small model analogues and were not expected to display sensing abilities), some initial 
spectroscopic data was collected. As for the previously discussed PEs and PPEs, the materials are 
highly soluble in water and methanol (— 30 mg/mL), and emit between 400 — 500 nm. In methanol, 
the respective absorption and emission peaks are: 412 and 438 nm for the polymer and 358 and 
394 nm for the small model analogue. In water, the respective absorption and emission peaks are: 
457 and 494 nm for the polymer and 355 and 399 nm for the small model analogue, results which 
are red-shifted relative to those recorded for any of the previous PEs or PPEs (summarised in Table 
3.2). This result could be due inter alia to increased conjugation lengths in these materials, as 
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suggested by the molecular weight data (section 3.3) or aggregation effects that are known to red-
shift absorption and emission spectra. 
Table 3.2 Absorption and emission data for the novel materials PE 182 and PE 181.a 
Entry Material Solvent Absorption 
Xmax / nm 
Emission 
'max / nm 
1 PPE 182 H2O 457 494 
2 PE 181 H2O 355 399 
3 PPE 182 Me0H 412 438 
4 PE 181 Me0H 358 394 
aAll measurements were made in an aerobic environment in water or methanol. 
To offset such phenomenon surfactants are often employed as de-aggregating agents, added to 
aqueous solutions in small (typically 0.1 — 0.3 wt.%) quantities. A more detailed treatment of the 
effects of surfactants in unbuffered and buffered aqueous conditions will be given in section 3.6 
(where it is proposed that the surfactant is used to promote aggregation) but for PPE 182 the effect 
of Triton X-100, a oligoethylene glycol surfactant with a hydrophobic head-group, was studied 
(Figure 3.10). The surfactant was chosen as it has been previously reported that compared with 
similar commercially available surfactants, it is good at increasing the quantum yield of PPE 
polymers in water.28 
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PPE 182 in H2O with Triton X-100 
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Figure 3.10 The normalised emission spectra in salt-free water for 10 AM PPE 182 in the presence (blue 
curve) and absence (red dashed curve) of the surfactant Triton X-100. Inset: Structure of Triton (full 
name: 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol). 
The addition of the surfactant to aqueous solutions leads to the emission intensity being 
significantly increased, (95% higher; Figure 3.10). This is often attributed to a reduced instance of 
7C-1t stacking (and associated self-quenching effects) but could also be explained by the polymer 
adopting a more rod-like shape in solution and thereby acquiring improved conformational order. 
In an unbuffered aqueous medium, the surfactant molecules could have two functions; first, they 
may serve to break-up aggregates by having preferential interactions with the polymer chains,28  
which would lead to a blue-shift in the emission properties (for PPE 182 the difference is 52 nm). 
This occurs as the effective conjugation length of the polymer is reduced upon interaction with the 
surfactant. PPE aggregates (that form as a result of 7C-7C stacking) usually result in increased 
planarity of the polymer backbone and therefore increased conjugation. Alternatively the surfactant 
could promote the formation of aggregates, where there is improved conformational order with 
respect to the polymer chains. In such a regime, interpolyelectrolyte formation would result in a 
reduced instance of self-quenching (giving rise to an increased emission level). 
By contrast, the effect of the surfactant on the polymer chains is negligible in methanol, with the 
presence of the surfactant resulting in no change in the emission intensity and emission maxima. 
Such behaviour has been previously observed for ionic PPEs where more resolved bands are 
observed in 'good' solvents like Me0H and THF.28 Small model analogues such as PE 181 have a 
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much reduced tendency to form aggregates compared with PPEs because of their smaller 
dimensions and reduced interactions. 
As such, the addition of surfactant to methanolic solutions of PE 181 resulted in no change in the 
emission spectrum of the small model analogue. In water, a modest 40% increase in the emission 
intensity maximum was observed (the position of the emission maximum remained the same). In 
summary, the effect on the emission of PE 181 and PPE 182 in water and methanol owe much to 
their structures; in water, PPE 182 is highly aggregated, which results in quenched, red-shifted 
emission. Here, the addition of surfactant is striking and results in restoration of the emission to 
that observed in methanol (with or without surfactant), which can be considered a good solvent for 
the polymer. 
The emission from the small model analogue PE 181 is comparatively unaffected by the addition 
of surfactant and is similar in both solvents (2k.,„,a„ differs by only 5 nm). Though these results 
suggest that the optimum PPE architecture should seek to avoid either aggregate formation or 
conformational order in which emission is relatively quenched, results to be presented in the 
following section suggest that for sensing purposes, aggregates may be desirable and indeed 
necessary in order to achieve high sensitivity. 
3.6 	Spectroscopic investigation of fluorescence quenching — analysis of a second 
generation PPE and PE in high ionic strength media 
The measurements were obtained using the bis(cyclohexylammonium) salt hydrate of 4-
nitrophenyl phosphate (NPP, 183; Figure 3.11) as the quencher which we found to be an excellent 
emission quencher for PPE polymers, like other nitroaromatics (e.g. dinitrophenol).29 It was also 
important to have the phosphate group in the quencher molecule for the planned phosphatase 
enzyme assay which is detailed in Chapter Five. NPP is a substrate used for the determination of 
acid and alkaline phosphatases.39 In common with other electron deficient species, NPP is 
considered to induce quenching via an electron transfer process occurring as a result of attractive 
electrostatic interactions (which leads to static quenching) 6'31-33 
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Figure 3.11 Conjugated materials used to study quenching effects in high ionic strength media and 
structure of the water-soluble quencher NPP (183). 
The absorption and emission spectra for PPE 155 and PE 154 are shown in Figure 3.12a and 
Figure 3.12b respectively. 
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(a) PPE 155 in H2O 
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Figure 3.12 The normalised absorption and emission spectra in salt-free water for (a) 10 sM PPE 155 
(excitation wavelength = 355 nm) and (b) 10 AM PE 154 (excitation wavelength = 350 nm). 
In common with other similar PE and PPE derivatives, the compounds are highly soluble in 
DMSO, methanol, and (most importantly) water, and emit between 400 - 500 nm. The respective 
absorption and emission peaks are: 374 and 430 nm for the polymer and 351 and 391 nm for the 
small model analogue. 
In order to quantify the quenching efficiencies of the polymer and small model analogue, it was 
necessary to devise an accurate method to measure Stern-Volmer constants. Importantly, the 
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technique adopted would have to ensure that any associated experimental errors were minimised 
and crucially, that the concentration of the sensor remained constant throughout the addition of the 
quencher solution. 
A robust method for determining the Stern-Volmer constant has been established and is detailed in 
Experimental section (Chapter Seven). To establish its reliability, the technique was used to 
measure ksv for a known system. The luminescence behaviour of Ru(bpy)32+ complexes has been 
extensively documented and provided a good `standard'.34 The phenol-derived quencher 4-bromo-
2,6-dimethylphenol was used to quench the emission from the metal complex, via a reductive 
mechanism. A Stern-Volmer constant of 1.8 x 103 WI was measured for this system (at pH = 11), 
which compares well with the reported value of 1.2 x 103 M-1 (measured at pH = 11.05).34 The 
differences were attributed to the slight variation in pH and temperature. The quenching 
mechanism can occur by static or dynamic processes, or a combination of both. Unlike static 
quenching, for dynamic processes temperature increases lead to an enhancement in ksv as there is 
faster diffusion and therefore more collisional quenching.32 Additionally, the excited state of the 
complex is sensitive to oxygen, and we used non-degassed solutions.34 It is likely that the small 
variations in the experimental conditions used here, can account for the differences between our 
data and that reported. A summary of the results from these standard experimental runs are shown 
in Chapter Seven along with the detailed experimental method and treatment of errors. From this 
point on, all Stern-Volmer coefficients were acquired using this technique. 
The emission spectra of 5µM PPE 155 and 5 µM PE 154 in water are shown in Figure 3.13a and 
Figure 3.13b respectively at increasing concentrations of NPP. 
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Figure 3.13 The emission spectra in salt-free water of (a) 5 .111A PPE 155 and (b) 5 p.M PE 154 at 
increasing concentrations of the quencher 4-nitrophenyl phosphate, bis(cyclohexylammonium) salt 
hydrate (NPP). The insets show Stern-Volmer plots using data extracted from the main figures. The 
intensities in the Stern-Volmer plots are determined from the area beneath the corresponding curves in 
Figure 3.13, and are normalised with respect to the measured emission intensity in the absence of NPP. 
The markers denote experimental data lines and the solid-lines indicate the optimal fit to the Stern- 
Volmer relation as outlined in the Experimental section. The degree of quenching is much stronger in the 
case of PPE 155 indicating strong amplified quenching in the polymer. 
The profiles of both the PPE 155 and PE 154 emission spectra are broad and featureless at the 
quencher concentrations considered and are only weakly influenced by the presence of NPP, 
except at higher concentrations (> 0.20 1,M) where a small red-shift in the PPE 155 emission 
becomes apparent. Stern-Volmer plots are shown as insets to the main diagrams, with the markers 
denoting experimental data points and the solid-line indicating the optimal fit to the Stern-Volmer 
158 
Chapter Three 	 Second Generation Polyelectrolytes: Synthesis and Sensing Assessments 
relation as described in the Experimental section. The difference in quenching efficiency between 
PPE 155 and PE 154 is striking. The Stern-Volmer coefficient of PPE 155 (4.7 x 107 M1) is 
approximately three thousand times higher than that of PE 154 (1.4 x 104 M1), indicative of strong 
"amplified quenching" intrinsic to the polymer system. The high ksv value obtained for the 
polymer, is consistent with static rather than dynamic quenching (since dynamic quenching is a 
diffusion-limited process that tends to yield small Stern-Volmer coefficients, which are typically no 
higher than — 1000 M1).32 The mechanism of amplification has been attributed to several effects 
including ion-pair complex formation between the polymer and quencher, the highly delocalised 
singlet exciton within the polymer, aggregation effects partly induced by the quencher and the 
ability of the polymer and quencher to undergo long-range Forster energy transfer. All of these 
mechanisms may play an equally vital role in quenching, though for such systems, the relative 
contribution of each pathway is unknown and is still under examination.33'35 
The high Stern-Volmer coefficient of PPE 155 in water is promising but to operate effectively as a 
biosensor it should exhibit comparable quenching characteristics when transferred to typical 
biological media such as blood and urine. A variety of salts and other additives are usually present 
in these environments along with buffer solutions of differing pH, all of which can have a strong 
influence on the emission from CPs.36 In particular, biological media have high dielectric 
constants, and polymer emission under such conditions is generally reduced due to hydrophobic 
interactions that lead to self-quenching.28 It is important that ionic CPs should perform as well in 
these biological media as they do in pure water. Accordingly, in this work, we investigated the 
performance of PPE 155 as a biosensor for monitoring chemical processes in two standard buffer 
solutions, tris(hydroxymethyl) aminomethane (TRIS, 25 mM, pH = 7.5) and sodium acetate (25 
mM, pH = 6.5). 
In Figure 3.14, emission spectra for 5µM PPE 155 in a 25 mM TRIS buffer at various NPP 
concentrations are shown. TRIS is a common buffer that is widely used to control pH in the 
physiological range (7 - 8) since it does not typically cause undesirable side reactions such as 
precipitation of calcium salts or inhibition of enzyme reactions. Figure 3.14a shows data for 
measurements undertaken in a TRIS buffer containing no added salt (NaCI), and Figure 3.14b 
shows data for measurements undertaken in TRIS buffer containing 150 mM NaCI, the presence of 
which is required by enzymes such as phosphatase for efficient operation. The Stern-Volmer plots 
are again shown as insets to the main diagrams. 
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Figure 3.14 The emission spectra of PPE 155 at various concentrations of the quencher NPP in (a) 
25 mM TRIS buffer containing no added salt and (b) 25 mM TRIS buffer containing 150 mM NaCI. The 
transferral of PPE 155 to the saline-buffered environments required for normal enzyme activity leads to a 
dramatic reduction in Stern-Volmer coefficient compared to the pure-water result shown in Figure 3.13. 
The data reveals a 9-fold decrease in ksv upon going from unbuffered aqueous conditions to a 25 
mM TRIS buffered solution and a further 300-fold decrease on addition of the NaCl. The combined 
effect of the buffer and NaC1 is therefore a sharp 2700-fold reduction in the Stern-Volmer 
coefficient relative to the value obtained in pure water.37 A similar reduction in ksv in high ionic 
strength media has previously been reported by Swager et al.,28 rendering the materials unusable 
for high sensitivity detection. 
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To achieve high Stern-Volmer coefficients of the magnitude obtained for PPE 155 in pure water, 
three conditions must be satisfied: firstly, there must be a strong tendency for the polyelectrolyte to 
complex with the quencher; secondly, the process of electron transfer from the conjugated 
backbone of the polyelectrolyte to the quencher must be efficient; and, thirdly, a single quencher 
should be able to accept electrons from excitations on multiple conjugated segments. The sharp 
reduction in ksv in transferring from water to the saline TRIS buffer indicates that at least one of 
these requirements is violated in the latter environment. The efficiency of electron transfer is 
determined primarily by the proximity of the quencher to the Tc-system of the polymer and the 
energy offset between their respective LUMO levels, so it is unlikely to change substantially in the 
presence of a background electrolyte (i.e. dissolved salt).38 Therefore it is reasonable to conclude 
that the adverse influence of the ions on the Stem-Volmer coefficient is due to a reduced tendency 
for complexation (e.g. due to screening of the electrostatic attraction between the 
trimethylammonium ion and the 4-nitrophenyl phosphate ion) and/or a reduction in the ability of 
the quencher to harvest electrons from multiple chains. 
The latter processes depend intimately on the conformation and the supramolecular structure of the 
dissolved polymer: a loose network of chains is desirable for achieving good interchain 
communication and ensuring ready access of the quencher to the polyelectrolyte binding sites, but 
excessive aggregation is liable to reduce the number of available binding sites for the quencher 
(since only those at the surface will be physically accessible to the quencher). The behaviour of 
conjugated polyelectrolyte chains in the presence of added salt has previously been investigated by 
Wang et al., who used Small Angle Neutron Scattering (SANS) to investigate the conformation of 
poly[5-methoxy-2-(4-sulphobutoxy)-1,4-phenylvinylene] (MBL-PPV) in aqueous solution.39 They 
found that the polymer chains adopt rod-like configurations in both pure (deuterated) water and in 
the presence of LiC1 as would generally be expected for a conjugated polymer of modest length 
(similar PPVs commonly contain — 1000 repeat units per polymer chain) 40 Importantly, the SANS 
data for salt-free solutions revealed excess scattering at small angles (i.e. scattering features above 
the (11 line in the scattered intensity plot). This behaviour was first explained by Ermi and Amis for 
the polyelectrolyte poly(N-methyl-2-vinylpyridinium chloride), and is due to the presence of 
multichain domains (aggregates) that are stable in low ionic strength media but disintegrate in the 
presence of excess salt.41 Complementary light scattering studies on sodium 
poly(styrenesulphonate) by Sedlak42 further revealed that the dimensions of the aggregates 
decrease steadily with increasing ionic strength, rather than disintegrating in an abrupt phase 
transition at a threshold salt concentration. The aggregation and de-aggregation of polyelectrolyte 
chains in solution has subsequently been studied theoretically by Ray and Manning, who used 
counter-ion condensation theory to obtain a simple pair-potential for two identical rod-like 
polyelectrolytes.43 They demonstrated that the formation of clusters at low ionic strength and the 
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reduced tendency for aggregation at high ionic strength arise as natural consequences of the radial 
dependence of the pair potential. 
As noted by Wang et al., the formation of aggregates in the low ionic strength regime is 
advantageous for achieving high Stern-Volmer coefficients since it provides communication 
pathways between different chains and so allows a single bound quencher to deactivate multiple 
fluorophores.39 We reasoned that, if the clusters could be chemically stabilised under high salt 
conditions, the usual drop in ksv could be prevented. In their neutron scattering studies, Wang et al. 
also reported SANS data for mixtures of MBL-PPV and the cationic surfactant 
dodecyltrimethylammonium bromide (DTA), and found that aggregation of the MBL-PPV chains 
at low ionic strengths is enhanced in the presence of a small amount of DTA;39 they did not report 
measurements in the presence of dissolved salt but we considered that a similar surfactant-based 
approach could be used to stabilise the PPE 155 aggregates even at high ionic strength. The affinity 
between DTA and the (oppositely charged) MBL-PPV chains is primarily electrostatic in origin 
and, due to strong screening of Coulombic attractions in high ionic strength solutions, we reasoned 
that it would be more effective for our purposes to use a non-ionic surfactant to stabilise the PPE 
155 clusters, such as Triton X-100 or Cremophor EL (CrEL) which has been used as a formulation 
medium for water-insoluble drugs such as paclitaxel (Taxol)." Triton X-100 is commercially 
available, has often been used in biological buffers, and has previously been shown to promote the 
association of twin-tailed hydrophobically modified terpolymers via the formation of surfactant 
micelles that act as "junction points" for interpolymer network formation:43 The networks were 
reported to form at surfactant concentrations far below the critical micelle concentration, with the 
addition of excess Triton leading to disintegration of the clusters.46 In the context of conjugated 
polyelectrolytes, Triton has previously been used by Wosnick et al. to control aggregation in a 
number of structurally similar PPEs,28 and they reported a substantial enhancement in the 
photoluminescence efficiency of the polyelectrolyte in the presence of Triton. We therefore 
considered it to be a promising surfactant for our purposes. Interestingly, Wosnick et al. used 
Triton for the opposite reason to us: in their case they wished to prevent aggregation of the polymer 
chains whereas our objective was to promote it. 
In early studies conducted in our group, it was found that adding Triton to aqueous solutions of 
PPE 155 leads to a breakdown in the dimension of the polymer aggregates reducing their size from 
450 nm to 300 nm (a reduction in the hydrodynamic diameter as determined by photo correlation 
spectroscopy, PCS).42 Though it is difficult to predict the expected interaction of the polymer and 
surfactant, it is known that oppositely charged polyelectrolytes and surfactants form stable 
complexes (driven by Coulombic interactions and favourable entropy changes)." Importantly, the 
interactions can lead to significant differences in the conformation of the polymer.40 For PPE 155 
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and Triton favourable it-71 interactions between the phenyl units of the polymer and the 
hydrophobic head group of the surfactant as well as other hydrophobic effects may be dominant. 
As noted by Smith and McCormick, however, the role of Triton is concentration dependent; at 
relatively low concentrations, Triton promotes association of the polyelectrolyte chains via micelle 
junctions but, at higher concentrations, micelle bridging is disrupted and the aggregates 
disintegrate (the viscosity falls to a value lower than the polymer alone, indicating the presence of 
individual chains).45 The surfactant concentrations corresponding to these two regimes are 
dependent on the hydrophobicity of the polyelectrolyte and the solvent conditions. We hoped that, 
by careful selection of the Triton concentration, it might be possible to form polyelectrolyte 
clusters that were stable even in high salt conditions. 
In Figure 3.15, the emission spectra of unbuffered aqueous solutions of PPE 155 are shown for 
different concentrations of Triton. 
PPE 155 in H2O with Triton X-100 
Wavelength (nm) 
Figure 3.15 The emission spectra of PPE 155 in salt-free water in the presence of different 
concentrations of the non-ionic surfactant Triton X-100. 
There are two important changes in the spectral characteristics on addition of the surfactant: firstly, 
the spectra become sharper and better resolved and, secondly, there is an enhancement in the 
emission intensity. It is notable that as little as 0.3 wt.% Triton X-100 (amount relative to solvent) 
is required to bring about these changes. The increased emission intensity and sharpening of the 
spectra have been widely reported and have variously been attributed to the disruption of 
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aggregates (which reduces interactions between the 7E-systems of individual chains)28 or a 
reduction in the conformational disorder of the individual chains.40'48 In the event of complete 
disruption of the aggregates, we would expect to observe a substantial reduction in the Stern-
Volmer coefficient but experimentally, with 0.3 wt.% Triton, a comparatively small five-fold 
reduction in ksv is observed relative to PPE 155 in pure water (see Figure 3.16a). 
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Figure 3.16 (a) The emission spectra of PPE 155 in salt-free water containing 0.3 wt.% Triton X-100 at 
increasing concentrations of the quencher NPP. (b) The emission spectra of PPE 155 in 25 mM TRIS 
buffer containing 150 mM NaCI and 0.3 wt.% Triton X-100 at increasing concentrations of the quencher 
NPP. The inclusion of the surfactant yields a Stern-Volmer coefficient comparable to the salt- and buffer- 
free case. 
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This suggests that changes in the conformational disorder are the primary cause of the spectral 
variations. The absolute value of the Stern-Volmer coefficient after addition of the surfactant is still 
very high 	107 M-1), which indicates that, even in the presence of the surfactant, communication 
can still occur between multiple polyelectrolyte chains (albeit at a somewhat reduced efficiency 
due to interference from the surfactant). This is consistent with the neutron scattering 
measurements of Wang et al., who found strong evidence for large polyelectrolyte/surfactant 
complexes comprising multiple polyelectrolyte chains.39 
The 107 M.1 ksv value obtained in the surfactant-containing salt-free water is still extremely high 
and we were keen to determine whether the surfactant might also preserve the high quenching 
efficiency in buffered high salt conditions. In Figure 3.16b we show emission spectra for PPE 155 
plus 0.3 wt.% Triton in 25 mM TRIS buffer with 150 mM NaC1 solution at increasing NPP 
quencher concentrations. The measured Stern-Volmer coefficient of 1.1 x 107 WI is much higher 
than for the surfactant-free case (1.6 x 104 M'1, Figure 3.14b) and, within experimental error, is the 
same as for the salt-free water case shown in Figure 3.16a. It is clear that, whilst the use of Triton 
causes a modest five-fold reduction in the Stern-Volmer coefficient for PPE 155 relative to pure 
water, it prevents the catastrophic 2700-fold reduction in ksv that would otherwise occur when PPE 
155 is transferred to TRIS buffered saline solutions. The same general trends were observed for 
PPE 155 in a sodium acetate buffer, with the introduction of Triton again restoring the Stern-
Volmer coefl•icient to levels close to the salt-free situation. The variation of the Stern-Volmer 
coefficient under the different conditions studied are summarised in Figure 3.17a (TRIS buffer) and 
Figure 3.17b (NaOAc buffer).49 
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Figure 3.17 The dependence of the Stern-Volmer constant for PPE 155 on addition of various salts, 
buffers, surfactants and additives for: (a) 25 mM TRIS buffer and (b) 25 mM NaOAc buffer. The inclusion 
of 0.3 wt.% Triton X-100 in the buffer solutions containing 150 mM NaCI results in Stem-Volmer 
coefficients that are comparable to those of PPE 155 in pure water, enabling high sensitivity detection in 
biological media. 
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The remarkable restoration in both cases of ksv to values comparable with the salt-free level 
demonstrates the importance of the surfactant in stabilising the aggregates. (The final data points in 
these figures show that further increases in Stern-Volmer coefficients can be achieved by further 
diluting the polyelectrolyte, although this obviously occurs at the expense of emission intensity). 
To ensure that the results of the measurements were not specific to the particular choice of 
quencher molecule, measurements were also undertaken using the chemically unrelated molecule 
9,10-anthraquinone-2,6-disulphonic acid disodium salt (AQS, 139; which was used to quench the 
emission from PPE 124 in Chapter Two). These experiments yielded broadly comparable results in 
water and surfactant-containing solutions (Figure 3.18). 
Figure 3.18 Summary of emission quenching experiments involving PPE 155, PE 154 and the 
structurally different quencher AQS. 
The effect on the quantum efficiency of PPE 155 in different aqueous conditions is shown in 
Figure 3.19. As expected (and reported by Wosnick et al. for similar polymer systems),28 the 
addition of the surfactant resulted in an increase in the QE of the polymer relative to pure water. 
The addition of salt (150 mM NaCl) to the pure water solution, to create a high ionic strength 
medium, led to a higher QE as compared with the value measured for pure water. This can be 
rationalised by considering that the salt screens charges along the polymer backbone, thereby 
minimising polymer-polymer interactions. Addition of Triton to this solution gave rise to a further 
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increase in the quantum yield. The addition of ions to aqueous polyelectrolyte solutions is known 
to induce aggregation as has recently been shown by Schanze et al. for the amplified quenching of 
an anionic PPE by Ca2+.35 However in their work, the concentration of added ions did not exceed 
micromolar levels. The effect of such additives is known to be concentration dependent41 and 
presumably the higher salt concentration used in our studies leads to a breakdown of PPE 
aggregates. 
24 18 
150 mM NaCI 
0.3 wt.% Triton 
10 
Figure 3.19 Impact on QEs for PPE 155 upon addition of the surfactant in different aqueous milieu. 
Triton X-100 has a highly beneficial effect on the quenching properties of PPE 155/NPP in high 
salt buffered conditions and further investigations are now needed to determine whether similar 
improvements can be obtained with other surfactant/quencher/CP systems. We started evaluating 
the use of Triton/NPP/PPE 155 as a means of monitoring the kinetics of phosphatase activity and 
our findings are detailed in Chapter Five. 
The photostability of PPE 155 was examined by irradiating an aqueous solution of the polymer (-
5 µM) continuously for 45 minutes using typical fluorimeter settings (see Chapter Seven, Table 
7.3). The impact of photobleaching was assessed by comparison of the integrated areas from the 
initial and final photoluminescence spectra. For an aqueous solution of the polymer, the reduction 
in the emission intensity over the 45 minute period was approximately 3%. The corresponding 
reduction in the emission intensity for a surfactant-containing aqueous solution of PPE 155 was 
9%. In both cases, the small photobleaching effect had a negligible impact on Icsv, with the 
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reduction being approximately within the limits of the recorded experimental error for these 
measurements. 
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4 	Third Generation Polyelectrolytes: Synthesis and Sensing Assessments 
4.1 	Synthesis of third generation cationic PPEs and PEs 
The last chapter related to the development of novel cationic PEs and PPEs and their emission 
properties in different solutions. Additionally, detailed analysis of the sensing properties of PPE 
155, in high ionic strength media, enabled us to identify the optimal conditions for sensing in such 
solutions. Of key importance is the use of a non-ionic surfactant, which served to improve the 
electronic communication between polymer chains. This allows for the high sensitivity displayed 
in aqueous conditions to be maintained even in the presence of various salt additives. 
Hitherto, most reports on emission quenching of conjugated materials had focused on traditional 
(i.e. alkoxy PPVs, PPEs and PTs) polymer backbones. In these studies, subtle changes to the 
monomer compositions were made in attempts to 'tune' the band-gap of the final polymer and 
hence control the emission properties for a given application (Chapter One, section 1.5). 
Though excellent progress had been made in the field, as evidenced by the development of 
sophisticated DNA sensors,' enzyme assays2 and protein3 and ion sensors,4 most of these works 
involved simple polymer structures that were not optimised for the task. In more recent 
contributions, the group of Swager et al. revealed the synthesis of an electron-deficient PPE 
polymer that has the ability to detect electron-rich quenchers, thus providing a complement to 
existing materials. Work on metallopolymers introduced new ways of combining recognition sites 
directly into the polymer backbone (see Chapter One). 
We too were interested in improving the applicability and sensitivity of such materials and so 
wanted to examine the effect of moving the recognition site — the point where quencher molecules 
interact with the fluorophores — closer to the conjugated unit. It was anticipated that the direct 
coupling of these parts of the PE/PPE would increase the efficiency of the electron/energy transfer 
process between the conjugated unit and quencher molecule and so result in higher Stern-Volmer 
constants. This idea was reinforced by Zhang et aL who reported that by maintaining electronic 
communication between the conjugated backbone and the receptor in a PPE/PT copolymer, a 2.6-
fold increase in the sensitivity could be realised.5 
Many designs for these polymers were considered (Figure 4.1), but due to the synthetic problems 
encountered with the isothiouroniums described in Chapter Three, we opted for guanidinium-based 
receptors as they afford more synthetic flexibility and can be incorporated into molecules in a 
variety of ways and are thus a good substitute for the isothiouronium group. Guanidiniums are 
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ubiquitous reocognition motifs in supramolecular chemistry and possess a variety of interesting 
properties.6 The native guanidinium ion is protonated at psysiological pH (pKa -4, 13) and is 
therefore an inherently good hydrogen bond donor.6 This feature was first observed in naturally 
occurring arginine binding hosts.6 More recently, guanidinium derivatives have been synthesised 
for use in a variety of anion sensors.' In addition to forming strong non-covalent interactions with 
anionic groups like phosphates and carboxylates, the guanidinium group possesses the correct 
geometric orientation to interact with these groups.8 Binding constants for guanidinium-based 
anion sensors are typically > 102 M-1 and when a triethylbenzene scaffold was used to support three 
guanidinium groups in order to detect citrate, a binding constant of 7 x 103 M-1  was recorded, in 
pure water.9 
The polymer targets shown in Figure 4.1 represent varying numbers of receptor sites and spacings, 
per unit length, along the polymer backbone. Our intended strategy involved the synthesis of 
polymers containing the recognition motifs incorporated into the polymer backbone in either of the 
ways described above. As we were unaware of the kind of architectures that would be best suited 
for sensing small molecules or biomolecules, the structures were analysed spectroscopically to 
judge how suitable they would be as sensors. In general, we wanted to minimise the number of 
functional groups along the backbone so that the approach of anions to the receptor was 
unhindered. 
The presence of multiple guanidinium groups along the polymer backbone could lead to changes in 
the ability of the polymer to form complexes with DNA. The native guanidinium group has a pKa 
of — 13 and as a result remains protonated over a wide pH range which would enable a potential 
sensor to operate in varied conditions and allow for the efficient formation of hydrogen bonds with 
the DNA bases.6 Guanidinium-containing cationic lipids have been previously shown to undergo 
efficient gene transfection and such examples provide a firm basis for our overall approach to DNA 
recognition.1° 
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4.1.1 Synthesis of a second generation guanidinium-derived PE 
Reterosynthetic analysis for the structures shown in Figure 4.1 indicated that the first steps towards 
such polymers involved the synthesis of monomer 192. The attempts to this molecule are shown in 
Scheme 4.1. 
Scheme 4.1 Attempted synthesis of third generation protected guanidinium monomers. Conditions: i) 1. 
12, K103, H2SO4, AcOH (100%), 6 h; 2. Phl(CF3CO2)2 (147), 12, CH2Cl2, 20 °C, 6 h; 3. ICI, NaOAc, AcOH, 
80 °C, 3 h; ii)Ac20, NEt3, 35 °C, 1 h, 75%; iii) 1. Phl(CF3CO2)2 (147), 12, CH2Cl2, 20 °C, 6 h; 2. ICI, 
NaOAc, AcOH, 80 °C, 6 h; iv) NEt3, HgCl2, 193, DMF, 25 °C, 50 h, 20%; v) 147, 12, CH2Cl2, 20 °C, 8 h. 
The starting point involved diamine 187 and it was envisaged that both amines on this molecule 
could be functionalised, after initial iodination. However, all attempts to perform this iodination led 
to the isolation of a dark oily residue with either no product formation evident or inseparable 
174 
Chapter Four 	 Third Generation Polyelectrolytes: Synthesis and Sensing Assessments 
mixtures (purification by column chromatography and recrystallisation were attempted). Three 
different methods were used; 
• Initially, treatment of 187 with iodine and potassium iodate in refluxing acetic acid gave a 
dark solid, unidentified by 1H NMR. 
• Treatment of amine 187 and acetyl-protected amine 189 with the hypervalent iodine 
species bis(trifluoroacetoxy)iodobenzene (147) in CH2C12, a suitable iodinating agent for 
similar alkoxy derivatives," also failed to give the desired products. Only iodobenzene (-
10% from the initial amount of 147 that was added, in each case) could be extracted from 
the reaction mixture, an expected by-product from the reaction. The starting materials 
could not be detected by 1H NMR. 
• Iodine monochloride, another common iodinating species, was used to iodinate the 
protected amine 189. Despite treating the amine for 6 hours at 80 °C (typical conditions 
involve heating for only 30 minutes),12 no reaction occurred, and the starting material was 
reclaimed (90%). The same method was used to convert amine 187 to 188, which again 
led to isolation of the starting material (— 90%) as confirmed by 1H NMR (resonance at 
7.25 ppm) and MS. 
Monomer 188 has been previously prepared from the dicarboxylic acid.13 However this synthetic 
route, involved eight steps from commercially available starting materials.13'14 It was believed that 
the difficulties that we encountered in trying to obtain gram-quantities of 188 could, in part, be due 
to the initial purity of diamine 187 (purity ,--t1 97%). Purification of amine 187 was achieved by 
recrystallisation from CHC13 using activated carbon followed by hot filtration, which converted the 
previously dark brown solid, into light pink crystals which were of high purity (as confirmed by 1H 
NMR; the exact purity was not determined). Unfortunately, this improvement made no difference 
to the outcome of the iodination, using any of the treatments discussed above. Iodination of the 
protected amine 189 led to similar results. To avoid such issues, the alternative route to 192 
involved treatment of 187 with the electrophilic amidine species 193 (Scheme 4.1) to yield a crude 
sample of 191 in 20% yield. The 1H NMR for this material showed the desired resonances but also 
indicated the presence of an aromatic impurity. This was confirmed by TLC which showed the 
presence of two additional spots (one with a higher Rf  than the product, visible by UV irradiation). 
It is possible that deprotection may have occurred, which would give rise to a product with 
different aromatic resonances and Rf values. 
The crude sample of the bis BOC-protected guanidinium entity 191 was carried forward. However, 
further iodination attempts on this new derivative did not yield the desired target monomer (192), 
as confirmed by 1H NMR and MS, and similar purification problems arose. No further attempts 
175 
Chapter Four 	 Third Generation Polyelectrolytes: Synthesis and Sensing Assessments 
were made to investigate this reaction and at this point the iodination of aromatic amines, such as 
those shown Figure 4.1, was abandoned due to problems with the isolation and purification of the 
molecules containing the required 2,5-diiodo-1,4-diamine substitution pattern. 
After all attempts to isolate pure samples of monomer 192 were exhausted a new synthetic scheme 
had to be found. An alternative strategy to aromatic amines had been described by Tour et al.' s 
(Scheme 4.2a) and had the benefit of yielding both mono- and di-substituted derivatives, by further 
functionalisation of amine 196 (Scheme 4.2) in the following way; protection of the amine, 
followed by nitration, reduction and finally deprotection would lead to the desired 2,5-dibromo-
1,4-diamine derivative (the bromo derivative of 188). Due to time constraints, only the mono-
substituted monomer was pursued using Tour's strategy. The first target was a small model 
analogue derivative of the polymer structures described in Figure 4.1. It was envisaged that by 
developing a successful strategy to the PE small model analogues we could establish a platform to 
pursue a polymer synthesis, based on the analogous structures. 
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Scheme 4.2 (a) Tour's synthesis of a nitroaniline precursor (196).15 Conditions: i) HNO3, H2SO4, CH2Cl2, 
r. t., 1 h, 98%; ii) SnCl2•H20, THF, EtOH, 30 mins; iii) Ac20, NEt3, 30 mins, 92% (over two steps); iv) 
H2SO4, HNO3, -20 °C, 1 h, 63%; v) K2CO3, Me0H, CH2Cl2, 3 h, 88%. (b)Attempted synthesis of 
guanidinium-derived PE 199. Conditions: vi) HNO3, H2SO4, CH2Cl2, 25 °C, 45 mins, 65%; vii) SnCl2•H20, 
THF/Et0H, 25 °C, 22 h, 95%; viii) NEt3, HgC12, 193, DMF, 25 °C, 14 h, 28%; ix) phenylacetylene, 
Pd(PPh3).4, Cul, 'Pr2NH, THF, 45 °C, 26 h. 
Synthetic work centred on the key monomer 198 (Scheme 4.2b) which was synthesised 
successfully. The coupling reaction between 198 and phenylacetylene appeared to proceed 
smoothly; TLC indicated the presence of two products (Rf  = 0.75 and 0.45, in CH2C12/n-hexane, 
1:1, (v/v)) which were separated by column chromatography (CH2C12/n-hexane, 1:1, (v/v)). The 
first fraction contained the starting material phenylacetylene, however 1H NMR analysis of the 
second proved inconclusive; the aromatic region did not show the same coupling patterns to that 
expected for similar molecules (e.g. Tour et al. have synthesised various PE analogues for 
conductance tests)15. The resonances expected from the protected gaunidinium motif were present 
(— 10.6, 11.6 and 1.5 ppm) but it was not possible to correlate them with those from the aromatic 
region. Additionally, integration of the BOC group resonances with those from the aromatic region 
gave a ratio of 0.26 instead of an expected value of 0.72 (although this could be offset by the 
presence of some water in the sample which has a resonance at — 1.5 ppm). Time constraints 
prevented further analysis of possible sources for impurities generated during the reaction and so 
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this initial attempt at cross-coupling 198 with phenylacetylene did not provide sufficiently pure 
samples of PE 199. 
To circumvent this, 195 was coupled directly with phenylacetylene. The reaction was monitored by 
TLC and two spots were detected (Rf = 0.4 and 0.2; in n-hexane) in the product mixture. 
Purification of the crude reaction mixture by column chromatography led to the first product (Rf  = 
0.45) being identified as the unwanted homo-coupled material 201 and the rest as starting material 
(Scheme 4.3). 
Ph 
Ph 	— = Ph 
201 
Scheme 4.3 Attempted synthesis of an amine-functionalised small model analogue PE 200. Conditions: 
i) Phenylacetylene, Pd(PPh3)4, Cul, Pr2NH, THF, 20 °C, 20 h. 
The possible reasons for the formation of the homo-coupled product were not considered further, 
but it is possible that small changes to the cross-coupling conditions may have resulted in the 
desired product. The conditions detailed in Scheme 4.3 were optimised for the cross-coupling of 
(very labile and therefore more reactive) diiodo monomers and bis-terminal alkynes. With these 
starting materials, a successful reaction can be achieved at room temperature. The dibromo 
monomer 195 and similar dibromo compounds are known to be less reactive and conducting the 
reaction at an elevated temperature (in similar examples reactions Tour et al. use temperatures of 
80 °C)16  may have increased the rate of formation of the desired product PE 200, before homo-
coupling consumed the terminal alkyne, leading to unwanted 201. 
In an alternative route, the synthesis of PE 202 was achieved successfully (Scheme 4.4). The plan 
was to reduce the nitro small model analogue derivative (PE 202) to the amine PE 200 with 
subsequent guanylation17 expected to yield target PE 199. Disappointingly, reduction of PE 202 
with tin(II) chloride in absolute ethanol (the same conditions that were successfully employed to 
reduce 197 to amine 195), gave a mixture of compounds by TLC (evidenced as a series of 
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luminescent spots; R1= 0.15, 0.25 and 0.64, in n-hexane/CH2C12, 1:1) that proved difficult to 
separate. The crude mixture was recrystallised from CH2C12/n-hexane mixture (8:2) to yield a 
bright yellow powder, but the three products were still present when the solid was analysed by 
TLC with none of the spots corresponding to the starting material. 'H NMR spectra were 
inconclusive, with the aromatic region displaying the same complex coupling patterns as present in 
PE 202. The peak m/z = 293, corresponding to PE 200, could not be confirmed by mass spectrum 
analysis (positive chemical ionisation with ammonia gas). 
Ph 	 Ph 
197 
 
 
Ph 
	
Ph 
PE 202 
	
PE 200 
Scheme 4.4 Attempted alternative route to small model analogue PE 200. Conditions: 
i) Phenylacetylene, Pd(PPh3)4, Cul, 'Pr2NH, THF, 45 °C, 1 h, 31%; ii) SnCl2•H20, THF/Et0H, 70 °C, 16 h. 
The difficulties associated with trying to obtain a suitable monomer that could be used to make a 
small model analogue and subsequently polymeric derivatives, meant that other strategies had to be 
sought. The setbacks encountered here, all centred on the cross-coupling procedure, which was 
necessary to form the PE backbone. Purification of such materials was often problematic and crude 
yields were moderate. To avoid such issues, we sought to invoke the palladium-catalysed step (to 
the PE analogues) as the last transformation, thus avoiding the previously encountered problems. 
In Scheme 4.5 the target is not a PE analogue but the versatile bisalkyne monomer 206 (Scheme 
4.5) that can be reacted under mild conditions to form PE or PPE materials. 
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Me3Si 
197 	 NO2 
203 \\ 
SiMe3 
Scheme 4.5 Synthesis of key bisalkyne monomer 206. Conditions: i) TMSA (110), Pd(PPh3)4, Cul, 
'Pr2NH, THF, 45 °C, 3.5 h, 31%; ii) SnCl2•H20, THF/EtOH, 20 °C, 5 h; iii) TMSA (110), Pd(PPh3)4, Cul, 
'Pr2NH, THF, 60 °C, 75 h, 65%; iv) NEt3, HgCl2, 193, DMF, 25 °C, 50 h, 68%; v) K2CO3, Me0H/THF, 
25 °C, 4 h, 71%. 
The synthesis allowed access to gram quantities of bisalkyne 206, which was then quickly 
employed in the synthesis of a guanidinium-derived PE small model analogue. In an initial route to 
206, the bis TMS-protected 203 was isolated by cross-coupling 197 with trimethylsilylacetylene 
(110). 1H NMR analysis of the product was consistent with that reported in the literature. However, 
attempts to reduce this compound to the aniline derivative 204 failed, with several spots visible by 
TLC (one corresponding to the starting material). 
Guanidinium functional groups are commonly incorporated into a wide range of molecules in their 
protected form18 in order to aid sample handling and purification (in their protected form 
guanidines are less polar and basic, unlike free guanidines) and increase the compatibility of the 
chemistry with existing routes.18 To incorporate the guanidinium unit into a PE analogue, amine 
204 was treated with the electrophilic amidine 193 and mercury (II) chloride in DMF in 
accordance with literature methods,19 which furnished guanylated 205.18'19 Selective deprotection 
of the TMS groups, to produce bisalkyne 206, followed by cross-coupling and removal of the BOC 
groups (Scheme 4.6), gave PE 208 as a light-yellow crystalline solid, observed as a single 
luminescent spot (Rf = 0.29, Silica gel, EtOH) by TLC, and whose structure and purity were 
confirmed by 'H and 13C NMR and elemental analysis. 
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Scheme 4.6 Synthesis of small model analogues PE 207 and PE 208. Conditions: i) Pd(PPh3)4, Cu(I)I, 
'Pr2NH, 4-iodotoluene (149), THF, 25 °C, 24 h, 91%; ii) TFA in CH2Cl2, 25 °C, 1 h, 59%. 
4.1.2 Attempted syntheses of second generation guanidinium-derived PPEs 
With the small PE model analogue (PE 208) in hand, the next stage was to synthesise the 
polymeric PPE version. This was accomplished using the versatile bisalkyne monomer 206 in 
accordance with Sonogashira conditions employed in previous PPE syntheses (see Chapter Three), 
to furnish the protected pre-polymer PPE 209 (Scheme 4.7). It was anticipated that the synthesis of 
this protected guanidinium polymer would allow for relatively easier characterisation than its 
deprotected variant (PPE 210). Indeed the polymer did have good solubility in methanol and DMF 
and full 1H NMR and absorption/emission data was collected. No alkyne signals were observed in 
the 13C NMR, which in common with PPE 155 was quite noisy (presumably for similar reasons; 
limited solubility at the mM concentration level required for NMR), and so we were unable to 
check for diyne defects. 
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Scheme 4.7 Synthesis of third generation PPEs. Conditions: i) 1,4-Diiodobenzene (109), Pd(PPh3)4, Cul, 
`Pr2NH, DMF, 50 °C, 48 h, (no yield was recorded as the polymer was stored as a stock solution in 
Me0H); ii) 100% TFA in CH2Cl2, 25 °C, 1 h. 
GPC analysis was still difficult as the polymer displayed only limited solubility at the 
concentrations required for analysis. The protected polymer, in a solution of DMF, was heated 
gently (< 40 °C) for — 1 hour and then sonicated for 10 minutes. This resulted in a sufficient 
amount being dissolved which allowed the molecular weight to be determined; a value of 
approximately 31 kDa was calculated (GPC trace is shown in Figure 4.2). 
PPE 209 in DMF 
Elution Time (mins) 
Figure 4.2 GPC chromatogram for PPE 209 (DMF at 40 °C, 0.5 mUmin, RI detector); traces in light grey 
correspond to PS standards. 
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Deprotection of PPE 209 to yield the guanidinium polymer PPE 210 appeared to occur smoothly as 
was backed-up by 11-1 NMR evidence (absence of BOC group signals) but signals due to 
unidentified impurities were detected (e.g. a broad singlet at 5.3 ppm, in the 1H NMR spectrum (in 
d6-DMSO) along with signals due to diethyl ether (the deprotected polymer was precipitated by 
addition into diethyl ether). The polymer was placed under vacuum for six hours but the 
resonances due to diethyl ether still remained which suggested that the solvent may have become 
`trapped' with the guanidinium group which may have been inadvertently acting as a host for this 
solvent. We reasoned that the broad resonance at 5.3 ppm could be attributed to the guanidinium 
NH protons and/or water associated with this group, as there were no broad resonances due to 
water in the sample (which is known to appear as a broad resonance at 3.3 ppm). Additionally, 
comparison of the integration of the aromatic region with the suspected NH resonances provided 
no further information; unexpectedly, the resonance at 5.3 ppm was approximately 30-times larger. 
In an attempt to purify PPE 210 several reprecipitations were completed (all from diethyl ether, 
which was the most suitable solvent) along with dialysis of the crude material, but no improvement 
in the purity could be achieved. The crude polymer existed as a dark orange 'sticky' solid and 
though not pure, a stock solution (in DMSO) was prepared to assess its optical properties, which 
are presented in Figure 4.3 along with those of the protected precursor polymer PPE 209. 
The general method of using acidic conditions (generated by TFA) for the deprotection of BOC 
groups was employed at first as this was successfully used in the synthesis of the small model 
analogue PE 208. However, when applied to the polymer synthesis, the precursor polymer 
solutions generally darkened over a short time period (-j 10 minutes) and yielded 'sticky' residues 
that displayed increased water solubility compared to the starting polymers, but contained 
impurities as determined by NMR. Mineral acids had a similar effect. 
The respective absorption and emission peaks are 391 and 409 nm for PPE 209 (in Me0H) and 
392 and 415 nm for deprotected version PPE 210 (in water with 0.3 wt.% Triton). The addition of 
the surfactant was necessary in order to record the emission spectrum of PPE 210 as in its absence 
there was no emission from the polymer. This is presumably due to strong self-association, leading 
to aggregation (though in an aqueous solution containing no surfactant, an absorption peak was 
visible at 394 nm). This result prompted us to consider the effects of surfactant on both PPEs 
(Figure 4.3). 
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Figure 4.3 The normalised emission spectra in salt-free water and Triton-containing water for (a) 10 1..LM 
PPE 209 and (b) 10 tM PPE 210. (c) A close-up on the emission spectra for PPE 210 in water containing 
no surfactant. 
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The emission maxima for PPEs 209 and 210 differ by small amounts (8 nm, with the addition of 
0.3 wt.% Triton) in the two solvents that were used. The striking feature noticeable in Figure 4.3 is 
related to the variations in emission intensity depending on surfactant concentration. For the 
protected PPE 209, the effect of Triton is small but when the protecting groups are removed, as for 
PPE 210, the emission drops to — zero. The surfactant is then required to fully recover the emission 
from the polymer. This effect is presumably due to a lack of substitution along the PPE backbone 
in PPEs 209 and 210, leading to strong ir-n stacking and aggregation, which though mitigated in 
PPE 209 (due to the steric bulk of the BOC groups), becomes unavoidable in deprotected PPE 210, 
resulting in strong self-association and self-quenching. Importantly, in this case, it is possible that 
the surfactant could serve in one of two ways; either, it disrupts the extent of aggregation by 
interfacing between the polymer chains thereby preventing self-quenching (in this case it would 
behave in the opposite sense to that described in Chapter Three for PPE 155) or it alters the 
conformational order in the backbones of PPEs 209 and 210 leading to reduced rigidity and a lower 
tendency to self-associate. 
The observations noted in Figure 4.3 suggested that to avoid such problems the second phenyl ring 
in the PPE repeating unit needed to be more heavily substituted, to prevent the polymer chains 
from coming into close proximity. In this regard, monomers 180 and 211 seemed suitable targets as 
the oligo ethylene glycol chains would minimise interaction of phenyl rings in the formed polymer 
whilst simultaneously ensuring water solubility, as proved in the case of PPE 182 (see Chapter 
Three). Copolymerisation of 180 with bisalkyne 206 led to the formation of PPE 212 as a bright 
yellow solid (Scheme 4.8). 
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Scheme 4.8 Synthesis of PPEs 212 and 213 and attempted synthesis of PPEs 214 and 215. Conditions: 
i) 206, Pd(PPh3)4, Cul, Pr2NH, DMF, 45 °C, 24 h; ii) NaH, Mel, THF, 50 °C, 23 h, 78%; iii) TFA in CH2Cl2, 
25 °C, 1 h. 
Unfortunately, as occurred during the attempted conversion of PPE 209 to PPE 210, the 
deprotection of PPEs 212 and 213 resulted in impurities being detected by 'H NMR (acquired in 
d6-DMSO for PPE 214 and d4-MeOD for PPE 215). The unwanted materials appeared as singlets 
with signals at 1.22 ppm and 1.76 ppm (for PPE 214) and 3.20 ppm (possible singlet), 5.35 ppm 
(multiplet) and 10.22 (broad singlet) for PPE 215. In common with previously described polymers 
(e.g. PPE 155), PPE 214 displayed poor solubility at the concentration level required for analysis 
by 13C NMR, and so no spectrum could be recorded. This was not a problem for PPE 215 and the 
13C NMR spectrum revealed the presence of several resonances (28 — 44 ppm, in d4-MeOD) that 
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could not be assigned to the structure. However, possible structures for the impurity could not be 
postulated and due to time restrictions, the cause of the impurities was not investigated. 
Attempts were made to purify the polymer by dialysis, using water. A 6 — 8 kDa molecular weight 
cut-off tubing was loaded with the polymers (PPE 214 and PPE 215) dissolved in water (though 
the materials displayed poor solubility in this solvent; — 4 mg/L) and after 3 water changes the 
contents of the tube were lyophilised and then analysed. In both cases, there was no change in the 
1H NMR spectrum. This led us to conclude that a possible reason for the 'extra' resonances in the 
spectra could be due to the incorporation of unwanted materials into the polymer chain. The poor 
solubility of PPEs 212 — 215 prevented GPC spectra from being recorded, as the polymers were 
not sufficiently soluble in DMF. 
We reasoned that subjecting PPE 212 to the acidic conditions required for the deprotection, may 
have led to a side reaction involving the free hydroxyl group and the carbamate unit on the BOC 
entity. This could lead to unwanted ring-generation or cross-linking, though in the latter case, the 
material would be expected to display no solubility in any solvent. PPEs 214 — 215 did show some 
solubility in polar solvents (DMF, H20; — 2 — 3 mg/L). The possibility of the hydroxyl group in 
PPE 212 undergoing reaction was reinforced when the methylated PPE 213 was subjected to the 
same deprotection conditions. The 1H NMR spectrum for PPE 215 did not contain the two singlet 
resonances at — 1.2 ppm and — 1.8 ppm. Time constraints meant that the source of this impurity, 
formed during the deprotection with TFA, could not be fully investigated. 
Several methods were attempted in order to cleanly remove the BOC protecting groups from PPEs 
209, 212 and 213 (Scheme 4.8).20 The thermal removal of BOC groups has been successfully 
employed in small molecule synthesis, but treatment of PPEs with heat is generally disfavoured as 
this can lead to cross-linking.21 Indeed, when this method was applied to PPE 212, the material 
darkened and became insoluble in most solvents, suggesting that some cross-linking had occurred 
(time restraints meant that the thermal treatment of these materials under high dilution could not be 
attempted). The cleavage of BOC groups upon treatment with strong bases is also known.2° This 
method was applied to PPE 212, using BuLi, seemingly without success. Analysis of the formed 
material was not possible as it was not soluble in any of the deuterated solvents used. Our 
expectation was that upon deprotection of this polymer, its solubility in water would be increased 
due to the increased polarity associated with the guanidinium group. With all the described 
methods, attempts were made to monitor the reactions using IR spectroscopy, as it was envisaged 
that the disappearance of the BOC peaks (specifically the CO= stretch of the urethane group, 
which is known to appear between 1690 — 1740 cm"') would be diagnostically useful. However, the 
overlap of signals from the C=N group (at 1670 cm 1,  part of the guanidinium motif) prevented this 
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method from being conclusive as the intense band from this group masked other potential 
stretching frequencies. When TFA was employed in the deprotection, the IR technique was of no 
diagnostic use as the C=0 stretch from TFA (at 1783 cm-I) similarly blocked out other bands in 
this region of the IR spectrum. 
The thermal decomposition of PPEs 209 and 212 was monitored by TGA and the results are shown 
in Figure 4.4. PPE 209 displays two weight losses; the first appears between 94 - 400 °C (a 45% 
weight loss) and the second is between 400 - 850 °C (a 30% weight loss). Similar analysis for PPE 
212 also reveals two weight losses; the first occurred between 115 - 445 °C (a 50% weight loss), 
the second at 445 - 800 °C (a further 15% weight loss). 
.12 0.4 
0.2 - 
1 
0 100 200 300 400 500 600 700 800 900 
Temp. (°C) 
Figure 4.4 Thermogravimetric analysis (TGA) of PPEs 209 and 212 (for both analyses: a heating rate of 
10 °C/min was used, under N2). 
The high thermal stability of PPEs 209 and 212 mirror the results from the thermal analysis of PPE 
182 (see Chapter Three, section 3.3) where despite heating the polymer to 800 °C, the weight loss 
from the polymer was only 41%. The corresponding weight loss values for PPE 209 and PPE 212 
are 69% and 66% respectively. As described in Chapter Three (section 3.1), TGA analyses of PPEs 
have been previously described and for dialkoxy-substituted PPEs, a 5% weight loss is typically 
observed at a temperature > 200 °C. Interestingly, for PPE 209 the 45% weight loss directly 
corresponds to the elimination of the BOC protecting groups from this polymer. For PPE 212, a 
30% mass loss would be expected due to elimination of the BOC groups, which may be 
approximately correlated with the 50% weight loss measured between 115 - 445 °C. 
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4.2 	Spectroscopic investigation of fluorescence quenching — second generation 
guanidinium-derived small model analogue PE 
The absorption and emission spectra for PE 208 and PE 154 in water are shown in Figure 4.5 with 
PE 208 showing a pronounced blue-shift in both spectra, relative to PE 154. 
PE 154 and PE 208, pH = 7.0 
300 	350 	400 	450 	500 	550 
Wavelength (nm) 
Figure 4.5 The normalised absorption and emission spectra in water for phenylene ethynylenes (PEs) 
154 and 208. PE 154: max (Abs.) = 351 nm, kmax (Em.) = 391 nm. PE 208: kmax (Abs.) = 326 nm, kmax 
(Em.) = 376 nm. 
A comparison with structurally similar (in terms of dimensions and conjugated backbone) dialkoxy 
derivatives, such as PE 154, allows for an exploratory assessment of the impact that the 
guanidinium motif has on the electronic properties of PE 208. Both PE 208 and PE 154 are 
cationic (in water at pH = 7) but PE 208 has a single recognition unit attached directly to the 
conjugated backbone and PE 154 is more electron rich and may aggregate in a different mode (n-m 
stacking; for PE 208, H-bonding and perhaps 7r-rt stacking may be important). It was of interest to 
see whether this structural difference would lead to any changes in the sensitivity of this PE small 
model analogue. 
As noted by Swager et al.," amine-containing PPEs (where the amine is in direct electronic 
contact with the conjugated backbone) exhibit broad absorption and emission bands which tend to 
be red-shifted due to the electron-rich nature of the chain. Additionally their emission lack vibronic 
structure. The guanidinium-containing PE 208 exhibits mixed characteristics as both the absorption 
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and emission bands are broad (in H2O, at pH = 7, where PE 208 is expected to be protonated), but 
the pronounced blue-shift suggests that the overall effect, relative to PE 154, is reduced electron-
density along the PE backbone. With a pKa of > 12 the guanidinium group is protonated at pH = 7, 
in common with similar guanidinium-containing derivatives.6'22 This would render the 
guanidinium motif electron-withdrawing which would also explain the blue-shifts in the absorption 
and emission data. This is reinforced by the 11-1 NMR data where the chemical shift of the proton 
ortho to the guanidinium motif displays a small downfield shift (0.3 ppm) compared to the 
equivalent proton in PE 154. The marginally larger Stokes shift for PE 208 (50 nm) relative to PE 
154 (40 nm) is also consistent with this. We noted an appreciable degree of solvatochromism for 
PE 208, with Xmax shifting from 356 nm in methanol to 376 nm in water. For PE 154 the effect was 
less pronounced Ot...aa (MeOH) = 382 nm; Xa,a,, (H2O) = 391 nm). These effects were not 
investigated for other solvents or at different pH values. 
To investigate changes in emission when PE 208 is brought into contact with electron acceptors we 
conducted quenching experiments using two common electron deficient quenchers: 9,10-
anthraquinone-2,6-disulphonic acid disodium salt (AQS) and 4-nitrophenyl phosphate, 
bis(cyclohexylammonium) salt hydrate (NPP). The impact on the emission spectra of a 8 iiM 
solution of PE 208 upon addition of AQS is shown in Figure 4.6 with the Stern-Volmer plots 
shown as insets. Emission quenching data for PE 154 is also shown. 
190 
ksv = 8.9 x 104 M-1  
± 2.0 x 103 M-1  
	
0.0 	0.0 
3.2 	0.4 
2.1 	4 2 6.3 	0.8 
[AQS] (x10-5)/ mol dm-3 
11.0 	1.4 
17.1 	2.1 
29.0 	3.6 
62.2 	7.8 
82.5 	10.3 
535 
Third Generation Polyelectrolytes: Synthesis and Sensing Assessments Chapter Four 
335 	360 	385 	410 	435 	460 	485 	510 
Wavelength (nm) 
(a) 
0.8 
0.6 
0.4 
0 E
m
is
si
on
  In
te
ns
ity
  (a
.u
.)  
0 
PE 208 + AQS + H2O 
1 	 
2.0.5 
[AQS] (x10-6) / Eq.'s AQS 
mol dm-,  
247 
(b)  PE 154 + AQS + H2O [AQS] (x10-6) / Eq 's AQS 
3.5 	7 
[AQS] (x10-5)/ mol dm-3 
ksv = 4.6 x 104 M-1  
± 1.3 x 103 M-1  
mol dm-3 
0.0 	0.0 
6.1 	0.7 
15.8 	2.0 
27.5 	3.4 
49.7 	6.2 
85.6 
20.5 - 
0 
0 
0 E
m
is
si
on
  In
te
ns
ity
  (a
.u
.)  
• 
0 
360 	385 	410 	435 
Wavelength (nm) 
10.7 
30.8 
460 485 
0.8 - 
0.6 - 
0.4 - 
Figure 4.6 Changes in the emission spectra upon addition of the quencher AQS in H2O. (a) PE 208, and 
(b) PE 154; Stern-Volmer plots are shown as insets. 
Similar quenching experiments were conducted with the quencher NPP (Figure 4.7) and in all 
cases emission from the phenylene ethynylenes was quenched efficiently, with the mechanism for 
quenching in both cases, considered to be rapid photoinduced electron transfer (PET) through an 
ion-pair complex.11'23  
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Figure 4.7 Changes in the emission spectra upon addition of the quencher NPP in H2O. (a) PE 208, and 
(b) PE 154; Stern-Volmer plots are shown as insets. 
Closer inspection of the quenching behaviour reveals a consistent pattern regarding the efficiency 
of the quenching process for the two conjugated units. For both of the quenchers used, emission 
quenching is more efficient for the guanidinium-containing PE 208 than for the bis-ammonium 
derivative PE 154, with an approximately two-fold enhancement in ksv observed for PE 208 over 
PE 154 (see Figure 4.8 for absolute numbers). This significant increase in the Stern-Volmer 
constant is presumably due to the proximity of the ionic recognition unit to the conjugated 
backbone. It is anticipated that the reduced intermolecular distance between the fluorophore and 
the quencher serves to facilitate the anticipated PET process and leads to a concomitant increase in 
ksy. The Stem-Volmer values obtained for the quenching experiments with PE 208 and PE 154 are 
summarised in Figure 4.8. 
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Figure 4.8 Stern-Volmer constants for the emission quenching between small model analogues PE 208 
and PE 154 and the quenchers AQS and NPP. 
The different degree of quenching with AQS and NPP is attributed inter alia to the differing 
reduction potentials of the quenching species. Variation of the solution pH had subtle effects on the 
emission properties of PE 208 (due to time constraints the impact on ksv could not be considered). 
The results are summarised in Figure 4.9. In acidic conditions (pH — 2.7) the emission from the 
analogue was almost unchanged; only a small (6%) reduction in the intensity was observed, as 
compared with the initial level of intensity (at pH = 6.8). At high pH levels (pH — 12.4) there was 
some broadening of the emission, possibly due to mild aggregation effects, which may have been 
triggered by dimerisation of PE 208. This might occur at higher pH levels where the expected pKa 
of the molecule (— 13) would lead to more of the free base form of PE 208 being present which 
could then dimerise with protonated PE 208 (additionally, the formation of neutral dimers can not 
be ruled out). This potential pH-triggered aggregation effect could explain the broadening in the 
emission spectrum at elevated pH. A similar result has been observed previously for phosphonate-
containing PPE polymers (PPE 42; described in Chapter One, Scheme 1.5b). 
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PE 208 in H2O - no Triton X-100 added 
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Figure 4.9 The emission spectra of PE 208 in salt-free water (containing no surfactant), at different pH 
levels. The pH was adjusted by addition of HCI and NaOH. 
Interestingly, an in-depth study (shown in Figure 4.10) looking at possible aggregation phenomena 
for PE 154, indicated that for dialkoxy small model analogues such aggregation effects had a 
negligible impact on either emission or ksv 
Stern-Volmer constants were measured for the quenching of PE 154 by NPP in aqueous solutions 
(containing 0.3 wt.% Triton) at various concentrations of the sensor. The values differed by 1800 
M-1 — which is only 1.6-times greater than the average expected error for such measurements (1100 
M-1).24 The results are shown graphically in Figure 4.10 and suggest that solutions of structurally 
similar small model analogues would behave in the same way. As the solutions are of differing 
concentrations the amount of aggregation would also differ, a process that may be aided by the 
presence of the surfactant (as described in Chapter Three, section 3.6). Therefore the small change 
in lc,sy over the concentration range tested suggests that aggregation effects are negligible for small 
dialkoxy model analogues like PE 154, in contrast to that observed for PPE 155. However, the 
subtle structural differences between PE 154 and PE 208 could result in the materials exhibiting 
different aggregation behaviours. This could impact the emission from PE 208 to a greater extent. 
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Figure 4.10 Effect of Triton X-100 on the quenching efficiency, expressed in Stem-Volmer values, for PE 
154.25 
A MM2 simulation (Figure 4.11) of small model analogue PE 208 shows the two external phenyl 
rings are approximately orthogonal to the central guanidinium-derived one, as is similarly the case 
for PE 154. These results are striking when compared to X-ray crystal data in other literature 
examples.26 In all these cases, the it-system is almost planar across the three aromatic rings. The 
only exception was described by West et al. who noted that for their bisalkoxy PE derivative, the 
two terminal phenyl rings were slightly tilted with respect to the central substituted ring (as 
observed in the X-ray crystal structure).27 The simulation studies were repeated with structures that 
lacked the receptor substituents. Using otherwise identical parameters to the previous simulation, 
similar results were obtained. From this we conclude that the simulation studies do not accurately 
reflect the true conformational molecular picture of the PE model derivatives as highlighted by 
crystal structures reported for numerous literature examples for similar molecules. 
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Figure 4.11 Conformations of (a) PE 154 and (b) PE 208. Based on MM2 calculations (solvent excluded 
from calculations). 
Overall, these findings suggest that when designing optimal PPE architectures for sensing 
applications, a number of requirements must be met. Maximising the number of ionic groups along 
a conjugated segment is important as well as considering the distance separating the ionic groups 
and the chromophore unit. For PE 208 the latter point may be crucial; the increased sensitivity 
observed for PE 208 presumably stems from the direct electronic communication of the 
guanidinium moiety with the PE backbone. Specific recognition groups such as guanidinium and 
isothiouronium units offer interesting alternatives to the commonly employed ionic water-soluble 
side groups and are expected to provide vastly increased selectivity when seeking to detect ions 
detached from electron-withdrawing moieties. 
4.3 	Impact on emission of small model analogues upon treatment with non-traditional 
quenchers 
It was of interest to investigate the response of the small model analogues PE 208 and PE 154 
towards simple monovalent ions and common organic anions as this would potentially broaden the 
scope of their use. The idea originated from the sharp responses we observed for PPE 155 towards 
high ionic strength conditions and in particular the presence of NaC1 and buffer ions (Chapter 
Three, section 3.6). For this study we chose to use the commercially available disodium hydrogen 
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phosphate (DHP) and sodium acetate anions. In the first assessment, small aliquots of disodium 
hydrogen phosphate were added to solutions of the small model analogues and the emission 
monitored. Though we did not expect the presence of such ions to impart a strong quenching 
effect, as there is no precedent for PET processes between such moieties, any changes in the 
emission spectra could provide an insight into the differences between the sensors. Indeed, the 
addition of DHP to a solution of PE 208 led to approximately 80% quenching. This occurred 
whilst operating at similar solution concentrations as in previous experiments; the ratio (at 80% 
quenching) of PE 208 to DHP was — 1:13000, i.e. a very large excess of the quencher, far greater 
than that observed for the electron deficient quenchers, was required to get a quenching effect. 
Though it was not possible to fit all these data to the Stern-Volmer equation, consideration of the 
initial data points, corresponding to 45% quenching, could be described by this law, and yielded a 
ksv value of 8.4 x 103 M-1. Treatment of PE 154 in an identical fashion gave a strikingly different 
result; no quenching was observed. This result suggests that the sensors respond in very different 
ways in the presence of the phosphate anion. PE 208, containing the guanidinium binding motif, 
may interact more strongly with the anion as a consequence of its recognition unit, leading to some 
quenching of emission. Describing a mechanism for this quenching is difficult without further 
experiments, though it is possible that upon binding with the anion, the guanidinium group is 
effectively screened and can no longer repel neighbouring PE molecules and as a result 
aggregation occurs (7c-ic stacking), leading to self-quenching. This may occur through the 
formation of a PE dimer, held together by the anion. It is also possible that the presence of a vast 
excess of anions (which would increase the ionic strength of the solution) may promote the 
formation of aggregates of PE 208 molecules through hydrophobic effects, a process accentuated 
through dimer formation. These effects would provide fertile ground for future investigations. 
Sodium acetate was used in an analogous way to DHP in emission monitoring experiments. 
Exposure of PE 208 to this organic anion led to a very mild quenching effect (< 50%; the ratio of 
PE 208 to sodium acetate was — 1:35000). The Stern-Volmer equation was used to relate these 
data; a ksv value of — 5 M-1 was recorded. This weak binding constant shows that this sensor 
clearly discriminates between the two anions used. As before, PE 154 showed no discernable 
pattern in its emission spectra upon addition of the sodium acetate anions. 
In some cases, the binding of an oxoanion to a corresponding receptor can be monitored by 1H 
NMR and an attempt was made to observe the binding of the phosphate anion diphenyl phosphate 
(DPP) with PE 208 using this technique (Figure 4.12). This phosphate was selected as it exhibited 
good solubility in the solvent used for NMR and was not expected to have any resonances in 
relevant regions of the spectrum that were being studied. By tracking the changes in chemical 
shifts of specific protons, usually NH resonances, binding constants can be obtained.6 In this case, 
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upon addition of DPP to a solution of PE 208 (in d6-DMSO), clear changes in the proton resonance 
due to water were observed. 
N-H 	Ar-H 	H2O -CH3  
0.0 eq. DPP 
0.5 eq. DPP 
1.0 eq. DPP 
5.0 eq. DPP • 
13.0 12.0 11.0 10.0 9.0 8.0 70 6.0 5.0 4.0 3.0 2.0 1.0 0.1 
Figure 4.12 Changes in the 1H NMR spectrum (d6-DMSO, 298 K) of PE 208 upon addition of increasing 
amounts of the phosphate anion DPP (counter cation = Fr). 
Only a small change in the position of the NH resonance, centred at 9.9 ppm, was observed; after 
the addition of 5.0 equivalents of DPP, this resonance had shifted downfield by 0.088 ppm. The 
signal due to water moved downfield by 1.2 ppm. The trend in signal shifts is different to that 
typically observed for similar systems.28 Usually, changes in the thiourea resonances or -NH 
resonances involved in binding are observed29 and the greatest changes occur at the early stages of 
the titration.28'29 In this case, the pH of the solution may have varied during the addition of the 
phosphate (DPP) and this could impact the complexation involving PE 208, making the titration 
more complex. Clearly, in a similar future experiment it would be preferable to use DHP in place 
of DPP which we were unable to do due to material availability and time constraints. 
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4.3.1 Emission quenching with PPE 210 
Despite the issues regarding the purification of PPE 210, a sample was dissolved in DMSO and a 
stock solution prepared, as we wanted to compare the properties of this guanidinium polymer with 
the dialkyl-ammonium variant PPE 155. For PPE 210, emission quenching studies revealed that it 
was a far less sensitive polymer than PPE 155. In such experiments, it displayed ksv values of 3.0 x 
105 M-1 and 7.0 x 105 M-1 for NPP and AQS respectively. This compares with values as high as 
107 M-1 for PPE 155. One reason for this large loss in sensitivity might be due to the presence of 
the surfactant that was required in order to reduce aggregation effects and obtain emission from the 
polymer. As has been shown in Chapter Three, the formation of aggregates is necessary in order to 
achieve high ksv values, though certain solvent conditions can lead to a breakdown in this threshold 
limit. In the case of PPE 210, no attempts were made to optimise the quantity of Triton required to 
generate aggregates in water. It seems reasonable to assume that the performance of this polymer 
could be improved if the balance between the amount of surfactant required in order to get 
satisfactory emission and the quantity required to allow some aggregates to remain, is met. This 
represents significant extra optimisation compared with PPE 155, where the presence of the 
diammonium groups on each repeat unit prevented strong self-quenching, whilst allowing the free 
movement of photoexcitations through aggregates. 
As for the small model analogues discussed before, the phosphate anion DHP was added to 
solutions of PPE 155 and PPE 210 and the impact on emission recorded. This time the 
diammonium-derivative PPE 155 responded more strongly towards the anion, with efficient 
quenching (75% reduction) expressed as a ksv value of 2.1 x 105 M-1. This contrasts with a ksv 
value of 7.0 x 104 M"' for PPE 210 (for a modest 45% reduction). The strong quenching observed is 
somewhat surprising given the nature of the 'quenching' species, but the prevalence of aggregate 
formation resulting in self-quenching seems likely. Both experiments were conducted in surfactant 
(Triton) containing water (Figure 4.13). 
199 
PPE 210 + DHP + H2O + Triton DHP] (x10-6) / 
mol dm-3 
Chapter Four Third Generation Polyelectrolytes: Synthesis and Sensing Assessments 
1000 
E
m
is
si
on
  I
nt
en
si
ty
  (a
.u
.)  800 
600 
400 
200 
0 
800 - 
600 - 
400 - 
E
m
is
si
on
  In
te
ns
ity
  (a
.u
.)  
200 
0 
0 
0 	6 	12 
[DHP] (x106) / mol dm-3 
Icsv = 2.1 x 105 M-1  
±7.2 x 103 M-1  
460 	500 
Wavelength (nm) 
DHP] (x10-6) / 
mol dm-3 
0.00 
1.87 
5.61 
7.47 
11.4 
(75% quenching) 
(a)  PPE 155 + DHP + H2O + Triton 
380 420 
1 
0.00 
3.10 
0 	6 	12 5.16 
[DHP] (x106) / mol dm-3 
7.22 
kw = 7.0 x 104 M-1  
±3.8 x 103 M-1 	 10.8 
0 0.5 
0 
(45% quenching) 
460 	500 
Wavelength (nm) 
540 580 380 420 
540 580 
1 
(b)  
1000 
Figure 4.13 The emission spectra in salt-free water of (a) 10 OA PPE 155 and (b) 10 IAM PPE 210 at 
increasing concentrations of DHP. The insets show Stern-Volmer plots using data extracted from the 
main figures. The degree of quenching is much stronger in the case of PPE 155. 
The emission spectra in Figure 4.13 do not display a pronounced red-shift (which is usually 
indicative of some degree of aggregate formation) but both absorption spectra do show subtle red-
shifts upon increasing DHP content. This is presumably due to an increase in the conjugation 
length as a result of increased m-7 stacking. Similar results were observed, for both polymers (PPE 
155 and PPE 210), when sodium acetate was used as the anion. The ability of these non-traditional 
quenchers (i.e. non-electron deficient quenchers) to behave in this way is unusual as the expected 
mechanism for quenching, through electron transfer to the quencher is ruled out. The results 
indicate that these oxoanions clearly affect the conformation of the polymer possibly through a 
combination of effects (similar to those described at the start of section 4.3). Further experiments 
are needed to probe these effects and elucidate the quenching mechanism. Monitoring the emission 
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lifetimes during the quenching run help identify the nature of the quenching (static or dynamic). 
The ability of such ions to screen the charge on these polymers is known and it seems conceivable 
that efficient screening of charge could lead to significant 7t-Tt stacking of the polymers (described 
schematically in Figure 4.14). This may occur in a cooperative way leading to strong quenching. 
ilAddition of oxoanions 
(e.g. DHP) 
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(16-, 	
G 	0 
G \,Lair U  \,2,0 
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Figure 4.14 Possible effect on the CP chains (e.g. PPE 155) upon addition of counter-ions such as 
NaOAc and DHP. 
In separate experiments, CB[6] was added to aqueous solutions of PPE 155 and PPE 210, in an 
effort to reduce aggregate formation (both polymers are known to be aggregated in water). CB[6], 
a rigid, nonadecacyclic ligand, is known to bind strongly to protonated aminoalkanes and we 
reasoned that it may interact/coordinate with the ammonium ions along the backbone of PPE 155 
or the guanidinium motifs along PPE 210.3° If so, this would prevent the close association of 
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polymer chains and lead to increases in emission intensity (as a result of reduced self-quenching) 
and QEs. Unfortunately, the addition of CB[6] to a high-ionic strength solution ([NaCl] = 150 mM, 
at pH = 7) of the polymer had a negligible effect on the emission intensity of PPE 210 and in the 
case of PPE 155, led to a small reduction (< 10%) in the emission intensity. 
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5 	Biosensing Applications Using Second and Third Generation CPEs 
In previous chapters, the synthesis, emission and quenching properties of a variety of different 
CPEs were described. The ability of these new materials to detect small molecule quenchers in 
different biologically relevant aqueous media was investigated and the importance of various 
additives identified. Ultimately such materials are intended to be employed in biosensing 
applications and in our case DNA sensing and enzyme monitoring were our main objectives, 
together with a more general aim to make the sensing scheme more portable and user-friendly. 
In this chapter, our findings on the use of DNA bases and single-stranded materials as quenchers 
are detailed as well as our attempts at using cationic CPEs and their related small model analogues 
to detect and observe hybridisation events, monitor enzyme activity and detect small molecule 
quenchers in the solid state. The layout of this chapter is as follows; in sections 5.1 and 5.2, our 
investigations into emission quenching and hybridisation are described. The results are rationalised 
and possible explanations are put forward in sections 5.3 and 5.4, where our work is compared 
with the literature. In subsequent sections (5.5 and 5.6), an enzyme assay and our attempts at 
fabricating a solid state sensor are described. 
5.1 	Spectroscopic investigation of fluorescence quenching using tetrameric DNA strands 
The ability to identify DNA or RNA strands with minimal treatment (e.g. purification or 
amplification) represents a challenge that has generated significant scientific interest! Rapid 
techniques for the detection of small amounts of DNA/RNA are important for many applications 
including identifying genetic mutations and diseases and monitoring gene delivery and, 
consequently, new techniques that can identify target analytes in a highly sensitive and selective 
manner are eagerly sought-after! Current techniques for biological molecule analysis are selective, 
but expensive and time-consuming (as described in Chapter One).2-5  
The use of electronic materials, specifically conjugated polymers (CPs), is rapidly emerging as an 
innovative approach for the development of a new class of highly sensitive biosensor.4 Here we 
describe the performance of the novel water-soluble cationic conjugated polymer PPE 155 as a 
sensitive probe for DNA detection. This polymer was selected as we had a thorough understanding 
of the factors that affected its emission and sensing properties through the extensive investigations 
that were detailed in Chapter Three. Additionally, this material is similar in structure to the family 
of cationic poly(fluorene)s that were successfully employed by Bazan et al. for the detection of 
oligonucleotides.6 We reasoned that the high sensitivity displayed by PPE 155 (towards small 
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molecule quenchers) combined with the structural similarities with Bazan's polymer, would make 
this polymer an ideal candidate for a DNA sensor. 
The sensing scheme is assumed to work, analogously to that observed for small molecule 
quenchers; target analytes form ion-pairs with the CPEs allowing for potentially rapid electron 
transfer.2'4 Leclerc et al. were the first to employ CPEs (poly(thiophene)s) to detect DNA strands in 
solution.7 Their strategy involved observing changes in the emission band of the polymer upon 
addition of probe and target DNA strands (detailed in Figure 1.17, Chapter One). Bazan et al. have 
used FRET processes with poly(fluorene)s to monitor hybridisation events (Figure 1.19 and Figure 
1.20, Chapter One).8 
As we were unsure whether changes would occur in the emission of PPE polymers upon 
interacting with DNA strands, a systematic study of the effects of binding was necessary. The first 
step involved using a single `base-pentose-phosphate' unit as a potential quenching species to 
observe what effect it would have, if any, on the emission of a PPE. The selected quencher, 2'-
deoxyadenosine-5'-monophosphate sodium salt, (d-AMP, 216, shown in Figure 5.1), had not 
previously been employed for such a purpose (though the bases have been; see section 5.3). 
However, consideration of the reduction potentials for the four DNA bases (Table 5.1), suggests 
that they could operate as good emission quenchers, by readily accepting electrons. However the 
exact mechanism for emission quenching remains unclear (as discussed in section 5.3) as there are 
many examples in the literature of the bases serving to donate electrons in quenching processes and 
ultimately this depends on potentials of both of the species involved. 
The oxidation potentials of the bases (Table 5.1) and polymer PPE 155 (estimated at +1.0 V; see 
section 5.3)9 can be used to determine whether oxidation or reduction of the polymer would occur 
spontaneously. These data suggest that the polymer would be reduced by the DNA bases, though 
the resulting electrochemical potential is only weakly favourable. Indeed, the variation in the 
literature values of the oxidation potentials of the DNA bases, suggest that predictions based on 
these values may be invalid. If the emission quenching process were to operate in the reverse 
manner, the DNA bases would only quench the emission from the polymer efficiently if they had 
suitable lower lying LUMO levels. In this case, the rate of PET from PPE 155 to the quencher may 
be increased as the polymer/quencher complex may affect the oxidation potential of the quencher. 
Consequently, this would increase the free energy of PET (6,GpET) quenching. 
It was anticipated that the use of d-AMP would provide a good benchmark for the expected results 
for the other bases, as it contained a base that ranked between the highest and lowest oxidation 
potentials listed in Table 5.1 
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Table 5.1 Oxidation potentials for DNA bases. 
a as measured against the normal hydrogen electrode (NHE).1° 
Figure 5.1 'Quencher' molecule and PPE used in the initial sensing experiment. 
The emission spectra of 3 p.M PPE 155 in water is shown in Figure 5.2 at increasing concentrations 
of d-AMP (216). The emission spectra are broad and featureless at the quencher concentrations 
considered and are noticeably influenced by the presence of d-AMP at higher concentrations (> 
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0.20 uM) where a red-shift in the PPE 155 emission becomes apparent. The Stern-Volmer plot is 
shown as an inset to the main diagram, with the markers denoting experimental data points and the 
solid-line indicating the optimal fit to the Stern-Volmer relation. 
410 	450 	490 	530 	570 	610 	650 
Wavelength (nm) 
Figure 5.2 The emission spectra in salt-free water of 3 sM PPE 155 at increasing concentrations of the 
quencher 2'-deoxpdenosine-5'-monophosphate sodium salt (d-AMP, 216). The inset shows the Stern- 
Volmer plot using data extracted from the main figure. The intensities in the Stern-Volmer plot are 
determined from the area beneath the corresponding curves in Figure 5.2, and are normalised with 
respect to the measured emission intensity in the absence of d-AMP. The markers denote experimental 
data lines and the solid-lines indicate the optimal fit to the Stern-Volmer relation as outlined in the 
Experimental section. 
The quenching of emission from CPEs using individual DNA bases is hitherto unknown and so 
suitable direct comparisons with literature can not be made. The quenching of PPE 155 by d-AMP 
is very efficient as evidenced by the high Stern-Volmer coefficient of 4.3 x 106 M-1, which suggests 
that single-stranded DNA could behave in a similarly way, to strongly quench emission from the 
polymer. To investigate this, a short, commercially available tetramer DNA sequence (ss-AAAA), 
was used as a quencher in an analogous experiment. This fragment is equivalent to four d-AMP 
units attached to each other and allowed us to compare the results with those obtained for the 
single `base-pentose-phosphate' unit earlier. The results are shown in Figure 5.3. 
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PPE 155 + ss-TTTT + H2O + Triton [ss-TTTT] (x10-6) / 
mol dm , 
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Figure 5.3 The emission spectra in salt-free water of 5 ii.114 PPE 155 at (a) increasing concentrations of 
the single-stranded DNA tetramer 'ss-AAAA' and (b) increasing concentrations of the single-stranded 
DNA tetramer 'ss-TTTT'. The insets show the Stern-Volmer plots using data extracted from the main 
figures. 
Though the quenching was not as strong as for the single base quencher d-AMP, a ksv value 6.8 x 
105 M-1 was recorded, which represents a 6.3-fold decrease relative to the single base example. A 
similar experiment was repeated for the complementary tetramer (ss-TTTT), with experimental 
conditions changed by the addition of 0.3 wt.% of the surfactant Triton to the aqueous solution as 
we wanted to explore the impact it may have on the quenching process (we assumed that ss-AAAA 
and ss-TTTT would be comparable in surfactant-free conditions). Interestingly, a Stern-Volmer 
value of 6.7 x 107 M-1 was recorded — a 99-fold increase compared to that measured for ss-AAAA. 
To rationalise this result, the impact of the surfactant and various salt additives on the emission 
quenching properties of PPE 155 had to be considered. 
208 
Chapter Five 	 Biosensing Applications Using Second and Third Generation CPEs 
Presumably because of its increased size and multiple interactions, the complexation of the 
quencher ss-TTTT with PPE 155 is very different from that observed and described in Chapter 
Three where small molecule quenchers (e.g. NPP) were used. Traditional quenchers such as NPP, 
AQS and MV2+ are suspected of triggering further quenching (in addition to quenching by 
electron/energy transfer) by acting as a template for aggregation (thus allowing polymer self-
quenching).2 Both ss-AAAA and ss-TTTT, contain multiple negative charges along their short 
backbones that may allow them to bind several polymer chains at a time, mimicking the templating 
behaviour of small molecule quenchers. It is possible that the combined effect of the quencher and 
surfactant (as illustrated in Figure 5.3b) serves to further increase the conformational order in the 
polymer, promoting aggregation, allowing the increased movement of photexcitations, both intra-
and inter-molecularly. This would raise the likelihood of excitons encountering the bound 
quencher, which would give rise to an increased Stern-Volmer constant. This study has considered 
that both ss-AAAA and ss-TTTT have an approximately equivalent ability to quench the emission 
from the polymer (via electron or energy transfer processes, vide infra), though time constraints 
meant that this could not be confirmed. As there are no other reported studies where short 
oligonucleotides or DNA bases have been used as emission quenchers for CPs, no comparisons 
with literature examples have been discussed. 
5.2 	Attempted detection of single-stranded DNA strands using second and third 
generation polyelectrolytes 
5.2.1 Using PPE 155 to detect a single-stranded tetrameric DNA 
Having established that both of the complementary oligonucleotides were able to induce strong 
quenching of PPE 155, we wanted to study whether the hybridisation of these two strands could be 
`observed' using the synthetic polymer. Although we were uncertain of the nature of the interaction 
between the polymer and the DNA strands, it was anticipated that any changes in emission could 
help to shed light on the recognition process. To test this theory, equimolar solutions of ss-AAAA 
and ss-TTTT were prepared in unbuffered water. The entire hybridisation experiment was 
conducted at 50 °C to ensure that all DNA material remained denatured, consistent with protocols 
reported elsewhere.11'12 
The results from this experiment are described in Figure 5.4. After initially leaving the solution for 
15 minutes to allow for temperature equilibriation, the first single strand (ss-AAAA) was added to 
the aqueous polymer solution. A further 15 minutes was allowed to enable the emission intensity to 
stabilise to the new value. After this period, the complementary strand ss-TTTT was added to the 
polymer solution and the emission monitored over — 180 minutes. The experiment was conducted 
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such that there were equimolar additions of the tetrameric strands. The fluorimeter was set to 
operate in kinetic mode to ensure that a series of measurements could be recorded over a controlled 
period of time. The results show that although the emission from PPE 155 was quenched (by > 
95%) upon addition of ss-AAAA, addition of its complement resulted in a brief rise in the emission 
intensity (— 25% increased), followed by a decrease to its starting level (Figure 5.4b). 
PPE 155 + ss-AAAA + ss-TTTT + H2O (a) 
1000 
(i) • Stage 1: 
(i) to (ii) 
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(01) 
Stage 2: 
385 	425 	465 	505 	545 	585 
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0 
	
50 	 100 	 150 	 200 
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Figure 5.4 Changes in the emission from PPE 155 upon hybridisation of complementary tetrameric DNA 
strands. The overall result was > 95% quenching. (a) Emission spectra recorded during the different 
stages of the experiment: (i) Initial emission intensity, (ii) emission upon addition of ss-AAAA, (iii) 
emission after addition of ss-TTTT, (iv) final result after equilibration for 3 hours, (b) changes in relative 
emission intensity levels. 
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The stoichiometry of all three components (i.e. PPE 155, ss-AAAA and ss-TTTT) after the 
addition of the second tetrameric strand was — 100:1:1 (as with all stoichiometry ratios quoted in 
this chapter, these values refer to repeat unit concentrations); this means that there was an 
equimolar amount of the single strands in a solution containing the conjugated polymer at a 
concentration level that was approximately 100-times higher. Importantly, to ensure that the 
concentration of PPE 155 remained constant throughout, the addition of both ss-AAAA and ss-
TTTT were made together with appropriate amounts of the polymer (following the same protocol 
as used for the small molecule quenchers, detailed in Chapter Three). 
On its own, it's not possible to put this result into context though the pattern of an initial decrease 
in emission intensity followed by a modest recovery was reproducible and does mirror results 
reported by Leclerc et al. where a conjugated PT was used to monitor the hybridisation of 20 and 
50-mer oligonucleotide targets.' They considered the polymer backbone to undergo two significant 
conformational changes (see Figure 1.17, Chapter One); firstly, the addition of the polymer to the 
oligonucleotide probe results in a stoichiometric complex in which the polymer backbone is 
elongated (this 'duplex' exhibits red-shifted, reduced emission, due to the stacking of polymer 
chains leading to self-quenching). Then, addition of the target DNA analyte gave rise to an increase 
in the fluorescence signal as the polymer gains more conformational freedom by forming a helical 
shape, which has a lower tendency to form self-quenching aggregates." 
Similar arguments could be used to rationalise our data however, it may be less likely that a more 
rigid CP (like PPE 155) could form a helical structure around the anionic phosphate backbone of 
double-stranded DNA in the same way as for the PT used by Leclerc et al.. In this respect, after 
hybridisation, the changes in the emission spectra from PPE 155 would not be expected to follow 
the same trend as for the more flexible PT. The results shown in Figure 5.4 confirm this; 
hybridisation did not lead to a recovery in the emission intensity which could be because the 
hybridised strands were able to quench the emission from the polymer just as efficiently as the 
individual strands. Alternatively, secondary effects such as induced aggregation leading to strong 
self-quenching may be dominant. The reasons for these observations were not investigated further. 
5.2.2 Using a third generation PE small model analogue, PE 208, to detect a single-
stranded tetrameric DNA 
The small model analogue PE 208 was used in a comparable way to PPE 155 to monitor the 
hybridisation of the tetrameric DNA strands. The conjugated sensor and DNA strands were handled 
in an identical fashion to that described above (section 5.2.1). As observed for the hybridisation 
experiment involving the tetramer DNA sequences and PPE 155, there was a steady decrease in the 
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emission intensity level upon addition of the first strand, ss-TTTT, which was followed by a further 
decrease upon adding an equimolar solution of the complementary strand ss-AAAA (Figure 5.5a 
and Figure 5.5b). In total there was a 15% reduction in the intensity level over an 8 hour period and 
the stoichiometry of PE 208, ss-TTTT and ss-AAAA was - 1:0.2:0.2. 
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Figure 5.5 Changes in the emission from PE 208 upon hybridisation of tetrameric DNA strands. The 
overall result was - 15% quenching. (a) Emission spectra recorded during the experiment: (i) Initial 
emission intensity, (ii) emission upon addition of ss-TTTT, (iii) emission after addition of ss-AAAA, (iv) 
final result after equilibration for 8 hours, (b) changes in relative emission intensity levels. 
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The emission changes observed from the small model analogue PE 208 in response to the addition 
of the tetrameric strands is comparable to that observed for PPE 155; in both cases a decrease in 
the intensity level was observed. The differences between PE 208 and PPE 155 include size (PPE 
155 is — 9-13 repeat units,13 whereas PE 208 is 1.5 repeat unit lengths) and recognition motif. 
Therefore it appears that the consistent trend in emission intensity behaviour for these conjugated 
materials is related to the type of 'quencher' used. The interaction of the tetrameric DNA strands 
and hybridised product with PE 208 and PPE 155 leads to possibly the same conformational 
changes in both materials and therefore comparable results overall. 
5.2.3 Using PPE 155 to detect a 35 base-pair DNA single strand 
The strength of binding between two complementary DNA strands to form a duplex is known to 
depend on the length of the single-stranded components and their nature, with longer strands 
resulting in stronger complex formation and alternate sequences leading to more strongly 
associated dimers.14 Therefore the next set of polymer-DNA hybridisation experiments involved 
longer DNA strands. We wanted to use oligonucleotides that were sufficiently long to ensure strong 
complementary binding, whilst maintaining the ability to alter the optical response from the 
conjugated polymer. We opted to use strands containing 35 base-pairs as the length of these 
materials was between the 20 and 50-mer strands that were used in previously reported 
hybridisation experiments where CPs were employed.' Additionally these materials were readily 
available.I5  
As was found for the tetrameric strands, the longer strands were similarly capable of strong 
emission quenching, though no attempts were made to assess the exact value of ksv due to time 
constraints (ksv was estimated at — 105 — 106 M-1). In Figure 5.6, the results from the hybridisation 
of two 35-mer strands (exact sequences are detailed in the Experimental section, Chapter Seven) in 
the presence of PPE 155 are presented. 
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Figure 5.6 Changes in the emission from PPE 155 upon hybridisation of complementary 35-mer DNA 
strands. Almost complete recovery of the polymers emission was observed over a 20 hour period, in 
contrast to the result observed for the shorter tetramer strands. Emission spectra recorded during the 
experiment: (a) (i) Initial emission intensity, (ii) emission (equilibrium) after addition of ss-A1, (iii) emission 
(equilibrium) after addition of ss-A2, (b) changes in relative emission intensity levels. 
The stoichiometry of PPE 155, ss-Al and ss-A2 was approximately 1:20:20. This ratio of PPE to 
oligonucleotide is higher than that used to detect the tetrameric strands where the polymer was 
present in 100-fold excess. The difference relates to the concentration of the strands that were 
required in order to alter the emission spectra. As described previously (5.2.1), the concentration of 
the polymer was kept approximately constant during the addition of the oligonucleotides. 
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The hybridisation experiment was conducted at 65 °C (oligonucleotides of a similar length, e.g. 20-
mer ss-DNA strands, are known to be denatured at this temperature)" and equal moles of each 
strand were added to the polymer solution. Importantly, to ensure that secondary structures had 
been eliminated, the 35-mer DNA strands were heated at 94 °C for 5 minutes prior to the 
experiment (the Tm for both strands is estimated to be — 80 °C).7'11 The initial emission curve (in 
blue, Figure 5.6a) is quenched by approximately 35% upon addition of the first 35-mer strand (ss-
A 1), after a 15 minute period of equilibration. It was also significantly red-shifted (22 nm), which 
suggests either a change in the conformational order of the conjugated backbone or self-quenching 
through aggregation. The amount of ss-Al added was chosen such that a clear change (either an 
increase of decrease) in the emission spectrum could be observed. From previous experiments 
using the 35-mer strands, addition of the oligonucleotides at a ratio of less than 1:20:20 did not 
result in any spectral changes. Therefore, to observe the hybridisation process optically, the amount 
of ss-A 1 was carefully adjusted and this enabled us to calculate the number of moles added which 
allowed for an equimolar addition of ss-A2 to be made. 
The addition of the complementary strand (ss-A2) resulted in a gradual increase in emission 
intensity. The emission spectra were monitored overnight and after 20 hours the intensity had 
recovered to within 5% of the initial intensity level (Figure 5.6b), though the emission was now 
red-shifted, relative to the initial spectrum. The changes in the emission spectra due to the presence 
of the DNA strands are probably a result of a combination of effects. Firstly, it is likely that the 
some of the 'quenching' observed is due to 7C-7C stacking of the polymer chains, possibly triggered 
by the presence of the biopolymer, which could lead to aggregation. As noted in previous sections, 
emission quenching by small molecule quenchers (by PET or energy transfer), generally does not 
result in a change in the shape of the emission spectra. The pronounced red-shift observed here 
therefore suggests that this is not the only mechanism at work. Moreover, the `unquenching' effect 
lends weight to this argument as such an effect would not typically occur when another quenching 
species is added to the polymer solution. This observation can be rationalised if we consider that 
the DNA strands are binding with each other instead of the polymer, which is what we expect. 
These results are similar to those reported by Leclerc et a1:7' 16 and may be rationalised using the 
same reasoning (detailed in 5.2.1). 
As discussed in Chapter One (section 1.7), the increased rigidity of PPEs compared with other 
CPEs (like poly(thiophene)s) may be expected to preclude them from forming complexes with 
DNA in the same way as described by Leclerc et a1.,7 for the interaction of ss-DNA with PT 
structures (e.g. polymer 72, Chapter One, section 1.6). However, the persistence length of PPEs 
(estimated at 15 nm; 20 PE repeat units)17 is less than that associated with DNA (60 nm)18 and so 
they do possess some flexibility which could permit them to form polyelectrolyte complexes in a 
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similar way to that described by Leclerc et al. (between polymer 72 and ss-DNA oligonucleotides). 
The changes in emission observed could then be explained in the same way (as described in section 
5.2.1). 
5.2.4 Use of the third generation PPE 210 to detect a single-stranded 35 base-pair DNA 
strand 
In an analogous experiment, the single-stranded 35-mer DNA material was combined with PPE 
210, using similar conditions (in addition, Triton and 100 mM NaC1 were added, vide infra; Figure 
5.7). It was anticipated that although PPE 210 was impure (see Chapter 4) it would provide an 
interesting contrast to PPE 155 (e.g. PPE 210 contains a recognition unit directly attached to the 
polymer backbone). As it was not possible to identify the contaminants, their potential impact on 
the optical properties of the conjugated polymer could not be ruled out. In order to get appreciable 
emission from this polymer (see Chapter Four, section 4.1.2), a surfactant had to be added and in 
another change sodium chloride was also added as some reports declare that its inclusion may 
benefit hybridisation by presumably stabilising binding interactions and minimising charge 
repulsion along the backbone (through increased ionic strength).7 
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Figure 5.7 Changes in the emission from PPE 210 upon hybridisation of complementary 35-mer DNA 
strands. Minimal changes in the polymers emission are observed after addition of both DNA strands. (a) 
Emission from the polymer decreased slightly (< 5%) during the addition of ss-A1 (ii) and then displayed 
a small (< 5%) increase upon addition of ss-A2 (iii). (b) Changes in relative emission intensity levels. 
Unlike PPE 155, there were only minimal changes in the emission intensity of the polymer during 
any of the additions of the 35-mer strands. Indeed, even after 24 hours, the emission from PPE 210 
remained almost identical to that observed at the start. Despite the experimental changes (addition 
of Triton and 100 mM NaCI to the solvent) between this experiment and the previous it is possible 
to speculate on the reasons for the differences in the results. The addition of the surfactant could 
explain why no change in the emission intensity was observed. For PPE 155, it was suggested that 
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the emission changes may be attributable to aggregation effects, which would also explain the 
pronounced red-shift in the emission from PPE 155. For polymer PPE 210 the surfactant may have 
had a different effect from that observed for PPE 155 (which contained two ammonium motifs per 
repeat unit). The presence of the single gaunidinium group per repeat unit along the polymer 
backbone in PPE 210 (the only functional group in the repeat unit) may be the reason for this. A 
polymer-surfactant complex19 could disrupt the formation of conjugated polymer aggregates 
(formed from rc-rc stacking) and limit the sensitivity of the polymer. 
5.2.5 Using a third generation PE small model analogue, PE 208, to detect a 35 base-pair 
DNA strand 
In the final hybridisation experiment that was conducted, the impact of the hybridisation of two 
complementary 35-mer DNA strands on the emission of PE 208 was studied. The experimental 
conditions were again kept constant and were identical to those employed previously (in section 
5.2.3). 
The changes in the emission spectra upon the sequential addition of the 35-mer strands to an 
aqueous solution of PE 208 are shown in Figure 5.8. Unlike the results obtained for PPE 155 and 
PPE 210 (Figure 5.6b and Figure 5.7b), where the anticipated hybridisation of ss-Al and ss-A2 led 
to a small rise in the emission, the opposite is observed for the PE 208. In total, a 6% decrease in 
the emission level results upon addition of ss-Al followed by ss-A2. 
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Figure 5.8 Changes in the emission from PE 208 upon hybridisation of complementary 35-mer DNA 
strands. A 6% decrease in the emission intensity level from the small model analogue was observed after 
addition of both DNA strands. (a) Emission from PE 208 (i) remained unchanged during the addition of 
ss-A1 (ii) and ss-A2 (iii). (b) Changes in relative emission intensity levels. 
The small decrease in the emission intensity from PE 208 (Figure 5.8a) upon addition of the longer 
35-mer sequence is comparable to the trend observed for the analogous experiment involving the 
same conjugated unit and the tetrameric strands. This finding suggests that this small model 
analogue interacts with the DNA strands (the tetramer and 35-mer) in a different way to PPE 155, 
which could be attributed to the presence of the guanidinium motif along the backbone of PE 208. 
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In summary, the following general trends have been identified: 
• Upon hybridisation of the tetramer strands, the changes in the emission intensity levels 
from PPE 155 and PE 208 are similar; in both cases, there was an overall reduction (> 
95% for PPE 155 and — 15% for PE 208) in the intensity level. 
• The hybridisation of the longer 35-mer strand, led to two distinct emission changes for 
polymers PPE 155 and PPE 210; firstly, the emission from these polymers was reduced 
upon addition of the first 35-mer sequence (ss-A1). Then, in the presence of the 
complementary strand, ss-A2, the emission gradually recovered. The effect was more 
pronounced for PPE 155 where the emission increases to within 5% of the original 
emission intensity level. 
• Interestingly, a similar analysis using the small model analogue PE 208 showed that it was 
unable to differentiate the hybridisation process involving short or long DNA strands. In 
both cases, a gradual decrease (approximately between 5 — 15%) in the emission intensity 
level was observed. 
5.3 	Possible mechanisms for emission quenching with DNA bases 
There have been no reports on the use of individual DNA bases as emission quenchers for 
conjugated polyelectrolytes. However, there are many examples (discussed below) where the bases 
have been used to quench the emission from fluorescent dye molecules, but there is little consensus 
over the exact mechanism for this process, with both oxidation and reduction processes being 
suggested. Based on the evidence in the literature, the exact mechanism is highly dependent on the 
system studied. 
The quenching of fluorescent dyes by nucleobases has been investigated. In a recent study Siedel et 
al. use the nucleobase-specific quenching of a dye, Coumarin-120, and one-electron redox 
potentials to probe the mechanism for quenching in aqueous solutions.2° By considering the 
quenching rate constants, they found that photoinduced electron transfer (PET), proton-coupled 
electron transfer and hydrophobic interactions were all important factors in facilitating efficient 
electron transport. In aqueous media, a similar combination of factors has previously been invoked 
to explain such phenomena.20'2I Comparing these outcomes to the results observed for the PPEs 
would be difficult due to the differences in molecular size of the dyes and PPEs and their differing 
reduction and oxidation potentials.20 Moreover, differences in oxidation potentials of the DNA 
bases can lead to different redox outcomes; for example pyrene is quenched by all four bases (A, G, 
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C and T) but the mechanism of the quenching process differed; guanine was oxidised, while the 
rest were reduced. 
The oxidation potentials for the four DNA bases (Table 5.1) confirm that guanine is the easiest to 
oxidise (the least positive potential indicating the base with the best electron-donating properties). 
Guanine is consistently recognised as the most easily oxidisable base, though the one-electron 
oxidation potentials for the DNA bases often vary widely. This was noted by Fukuzumi et al. who 
investigated and acquired these data in aqueous solutions at 298 K.22 They confirmed that the 
guanine base (they used the 5'-monophosphate salts of guanosine, adenosine, thymidine and 
cytosine) has the lowest Eox value (i.e. it is the best electron-donating base), though all four bases 
differ by less than 0.19 V. These results were confirmed when the G, A and T bases were employed 
as quenchers for the emissive Ru(bpy)33+ complex, a one-electron oxidant.22 It is not possible to 
quantify the effect that a 0.19 V difference in oxidation potentials between the bases would have on 
a quenching process involving PPEs, without conducting individual emission quenching 
experiments. The difference may lead to a change in the nature of the redox process (e.g. from a 
reduction to oxidation process, or vice versa), however this may not impact the overall value of ksv. 
The occurrence of PET processes involving DNA bases (with electron transfer from the base) has 
also been shown using laser flash photolysis (LFP), where electron transfer from GMP (guanosine 
5 '-monophosphate) to the triplet excited state of pyrene was observed (manifested as an absorption 
band at 420 nm in a transient absorption, (TA) spectrum).22'23 Numerous reports detailing the use 
of photooxidants in DNA transport studies have highlighted the importance of oxidative damage in 
DNA.24 Indeed, bound photooxidants are known to induce damage at remote guanine sites.24 
It is quite possible that DNA-induced aggregation effects may be responsible for some of the 
quenching but in light of the literature examples discussed (vide supra) it remains a possibility that 
electron transfer from the bases to the CPE could occur, resulting in emission quenching through 
the formation a negative polaron. 
The inverse process, of electron transfer to DNA, has also received attention. Ito and Rokita looked 
at the movement of excess electrons in DNA.25 They found that by use of a suitable donor and 
acceptor embedded within a given DNA sequence, electron transfer could be observed (in their 
case via a decomposition process, as observed by polyacrylamide gel electrophoresis). Based on 
the oxidation potentials listed in Table 5.1, the bases most likely to accommodate the additional 
charge would be C and T, though protonation of the radical anion of C (C— *) leads to a radical 
species that competes during electron migration. The ability of DNA to absorb charge is also 
recognised by Dekker et al. who used current-voltage curves based on electrical transport 
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measurements to confirm that DNA (10.4 nm in length; double-stranded poly(G) and poly(C) DNA 
molecules) can be considered as a large-bandgap semiconductor, exactly the type of material that 
could be used to absorb electrons from electron donors, although this would depend on suitable 
matching of its HOMO and LUMO energy levels with that of the quencher.26 
This idea has been reinforced by Bazan et al. who synthesised a series of water-soluble 
oligofluorenes and examined their interactions with single and double-stranded oligonucleotides.27 
They found that the emission from the oligofluorene was quenched by approximately 50% in the 
presence of a 20-mer single-stranded DNA fragment, with no change in the position of the 
emission or absorption spectra. From this they concluded that the observed quenching can be 
attributed to self-quenching (with the ss-DNA molecule acting as a template for aggregation of the 
oligofluorene units, as is seen with small molecule quenchers2) or photoinduced charge transfer to 
the DNA bases.27'28 This result allows for an interesting comparison with the findings detailed in 
section 5.2 where a 35-mer single-stranded DNA fragment quenched the emission from PPE 155 
by 35%. In that case, we too speculated that the quenching could be attributed to self-quenching 
effects or PET processes. Indeed, in recent work, Schanze et al. were able to measure the oxidation 
potential for the anionic polymer PPE 41 (+1.0 V vs. SCE);9 their result suggests that the PPEs are 
better electron-donors than any of the DNA bases and could quite easily donate electrons to 
oligonucleotides. At higher oligonucleotide concentrations, self-quenching of the synthetic 
polymer through aggregation is possible,7 and photoinduced charge transfer to the DNA bases may 
also be important. 
In unrelated work, Swager et al. have commented on the mechanism for quenching between 
electron-rich PPE polymers and electron-deficient quenchers, as detailed in previous chapters.29 
The exquisite efficiency of the process is linked to the favourable ionisation potential (IP) of the 
polymer relative to the quencher.29'30 In this regard, dialkoxy-PPEs like PPE 155, have low IPs 
relative to electron-deficient variants, as has been recently reported.29 This is intuitive based on 
arguments concerning electron-donating abilities and concomitant effects on varying band-gap 
levels (e.g. the electron-rich nature of alkoxy PPEs is evidenced by upfield shifts in their 1H NMR 
spectra). For these reasons, such polymers are expected to show a limited response, if any, to 
emission quenchers that are electron-rich, such as indoles and phenols, as the reduction of such 
materials is inherently disfavoured.29 The difference in ionisation potential between two 
structurally comparable pentiptycene-containing PPEs — one with alkoxy groups (and therefore 
electron-rich; PPE 217), the other with perfluoroalkyl groups (electron poor; PPE 218) has been 
estimated by Swager et al. to be 0.79 eV (Figure 5.9).29 Interestingly, this difference led to an 18.3-
fold decrease in the sensitivity (measured as a Stern-Volmer value) of the electron-rich PPE 
towards the electron-rich quencher indole. 
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Figure 5.9 High ionisation potential PPEs for use in the detection of electron-rich quenchers.29 
In order to achieve responses from PPEs towards electron-rich quenchers, subtle clues as to the 
type of structures required are provided by the Swager group (Figure 5.9). Using PPEs designed 
with perfluoroalkyl chains — thus rendering the polymers electron-deficient — they showed that the 
high-ionisation potential, wide band-gap materials were able to respond to electron-rich 
quenchers.29 Such a result would suggest that in order to detect the highly oxidisable DNA bases, 
good excited-state oxidants (electron acceptors), such as the new PPEs described by Swager, may 
be best suited. 
However our results show that dialkoxy-PPE materials exhibit strong quenching towards the DNA 
bases, as observed in Figure 5.2 and Figure 5.3. Inspection of these emission spectra does not 
reveal any pronounced red-shift at the quencher concentrations studied (at the µ.114 concentration 
level, the decrease in emission intensity was > 90%). Absorption spectra would need to be recorded 
at the same time as the emission spectra to shed more light on this behaviour; red-shifts in both 
measurements would provide further evidence that, in part, aggregation was a key mechanism for 
quenching. Alternatively, a blue-shift in the absorption spectra could point to more complex 
behaviour where the conformational order of the PPE backbone is more important and aggregation 
effects are of reduced significance. In this case, the DNA base quencher may not serve as a 
template for aggregation of the polymer chains, but may lead to a polymer-quencher interaction 
that results in reduced conjugation along the polymer backbone (possibly by the introduction of 
`kinks' in the chain). Such measurements were not recorded simultaneously due to time 
constraints, but would provide a good starting point for future studies. 
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5.4 	Examining the interactions between cationic CPEs and DNA 
Due to the large expansion in the field of non-viral gene delivery systems,31 there have been many 
studies into the structural ordering of DNA polyplexes.32'33 The types of polycation trialled as 
potential gene-delivery systems (e.g. poly(ethylene oxide)-g-poly(L-lysine) and poly(ethylene 
glycol)-g-polyethylenimine) are based on synthetic polymers with flexible chains and short 
persistence lengths and so direct comparisons with conjugated polymers can not be made.32'34 
However, as a guide to synthetic polymer/biopolymer interactions, such works are useful; 
DeRouchey et al. used synchrotron small-angle X-ray scattering (SAXS) to probe the internal 
structure of polyplexes and found that they exist as condensed macromolecular phases.32 
Specifically for ds-DNA, they considered the polycation to wrap around the rigid DNA backbone 
(persistence length 50 nm).32 In general PPEs, considered as 'rigid-rods', do have flexibility above 
their persistence length (which defines the stiffness of a polymer;35 for PPEs this value corresponds 
to about 15 nm or 20 PE repeat units)36 but are more rigid than the typical polymers used in gene-
delivery applications. For this reason, it is unlikely that they would wrap around DNA strands in 
quite the same way, although tight interactions leading to self-quenching are likely. Additionally, 
Bazan et al. noted that, in charge unit terms, ss-DNA was a more effective quencher than ds-DNA, 
which is probably due to increased flexibility in the ss-DNA structure and/or increased 
hydrophobic interactions, as differences between hydrophobic surfaces of single and double-
stranded DNA are known.27'37 
Probing the interactions between water-soluble cationic polyelectrolytes and anionic biopolymers 
such as DNA is difficult as the formed polyelectrolyte complexes are sensitive to the solvent 
conditions. Light scattering techniques may help in distinguishing aggregates from duplexes 
(assuming that the polymer concentrations are high enough) as well as observation of the optical 
properties upon thermal treatment. As has been noted by Kabanov et al., complex formation can 
also be monitored by gel electrophoresis and their group was the first to use synthetic polycationic 
molecules for the recognition of tertiary DNA structure.37 Using this method, the progress of DNA 
in the gel is modulated by the presence of the cationic polymer, a process dependent on the N/P 
ratio. Additionally, DNA melting analysis (the DNA melting temperature increases upon 
complexation with cationic polymers)37 can provide useful information on polymer/DNA 
complexation. 
In our hybridisation experiments, no isosbestic points were observed in the emission spectra upon 
addition of the ss-DNA suggesting that only a single conformational structure exists throughout the 
titration, though it is difficult to quantify the effect that DNA-induced aggregation has on the 
conformation of the synthetic polymer.5 
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A useful recent study to monitor the conformational changes of a water-soluble polymer, is 
provided by Dai et al. who looked at the aggregation behaviour of amphiphilic poly(L-lysine iso-
phthalamide) polymers endowed with low-levels of cyanine dyes.34 The incorporation of the dye 
molecules along the polymer backbone allowed them to observe changes in the polymer 
conformation as the solution pH was varied using steady-state fluorescence spectroscopy. They 
noted an overall decrease in the emission from the polymer upon acidifying (beyond a critical pH 
of 4.5) the solution which was attributed to a collapse of the polymer into a globular structure 
Chypercoin leading to strong self-quenching.34 Further evidence for this model came from 
dynamic light scattering (DLS) measurements which showed that at low concentrations, a high 
degree of aggregation can occur.34 The findings of such studies provide useful indicators for the 
types of techniques that can be used to examine the conformational structure of water-soluble 
polymers. Though Dai et al. used non-conjugated polymers for their work, correlating changes in 
the emission from a CPE with lifetime studies and DLS measurements would enable a greater 
understanding of the behaviour of CPEs. 
5.5 	Monitoring of phosphatase enzyme activity using a second generation polyelectrolyte 
There is considerable interest in the use of water-soluble ionic CPs as sensors for monitoring 
enzymatic activity in biological media such as blood, urine and saliva.38 The ability of enzymes to 
function is dependent on maintaining an appropriate three dimensional conformation, and 
enzymatic activity is therefore highly sensitive to the chemical and physical environment. In this 
context, the efficacy of a biosensor is determined primarily by its ability to operate effectively at 
(or close to) the optimal enzymatic conditions, i.e. its ability to function in a buffered solution of 
appropriate temperature, pH and ionic strength.39 Several groups have investigated the effects of 
pH and ionic strength on the emission properties of ionic CPs.49'4I They found extremely high ksv 
values for many ionic CPs in unbuffered water solutions, but reported sharp reductions in Stern-
Volmer coefficients when the polyelectrolytes were transferred to buffered solutions and other high 
ionic strength media. This behaviour prevents the materials from being used as high sensitivity 
biosensors and, in this work, we aimed to develop new material systems and strategies that would 
preserve the high quenching efficiencies of ionic CPs even when transferred to archetypal 
biological media. 
Enzymes represent an attractive target for analysis as they are of importance in a variety of 
biochemical processes. In particular, kinases and phosphatases are a vitally important class of 
enzymes as they regulate cellular activity. To this end, assays that can accurately monitor such 
enzymes would help shed light on their behaviour. Phosphatase is an enzyme that removes 
phosphate groups from molecules and is present in the human body. We wanted to design a 
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phosphatase assay using the second generation PPE 155, in combination with the quencher NPP. 
The choice of quencher was critical to the design of the assay; it had to contain the phosphate 
functional group that would be recognised by the phosphatase enzyme and be an efficient emission 
quencher for conjugated polymers. In this regard NPP, which is a substrate for the phosphatase 
enzyme, was an ideal choice for a quencher molecule, as it met these criteria. The use of PPE 155 
in combination with NPP allowed us to have a good platform for understanding the assay as the 
underlying features that affect the quenching efficiency had already been identified (as detailed in 
Chapter Three). The working principle for the assay is shown in Figure 5.10. 
Sensing Phosphatase Activity 
Ro 	 Ro 
Cdc25A-P032- 
Stage 2 
0 + 	 Introduction of the enzyme. hydrolyses 
OH 	the quencher (NPP) resulting in 
O 	 increased emission from the polymer, 
4-NP 
Figure 5.10 Working principle for a conjugated polymer-based enzyme assay. 
As detailed in Chapter Three, the initial quenching (Stage 1 in Figure 5.10) was optimised and 
values for the Stern-Volmer constant determined in a variety of conditions. One of the key features 
of the system was to balance the optimal conditions for achieving high ksv values, with those 
optimal for phosphatase activity. This optimisation of the sensitivity of the polymer ensured that a 
minimum amount of quencher could be used. For the enzyme measurements detailed herein, we 
decided to omit the surfactant from the solution for these measurements as the initial emphasis 
centred on obtaining emission recovery (Stage 2, Figure 5.10). Once this had been established, we 
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intended to use the surfactant additive to increase the sensitivity of the polymer in the quenching 
stage of the assay, and check the performance of the enzyme in its presence. 
In the first experiment, a TRIS buffer solution, at pH = 7.5 — 8.0, containing 150 mM NaCI and 
importantly no Triton, was analysed to determine the Stem-Volmer constant (Figure 5.11a); 
relatively efficient quenching was observed (ksv = 1.6 x 104 M-I) which was three orders-of-
magnitude lower than the best result (— 107 M-1, obtained for PPE 155 and NPP in an aqueous 
solution containing Triton) but still more efficient that the quenching of emission from the small 
model analogue PE 154 using NPP (where a ksv of 1.4 x 104 M1  was recorded). Upon addition of 
the phosphatase enzyme (denoted as Cdc25A, in Figure 5.11)42 a modest 19% recovery in the 
emission intensity was observed (Figure 5.11b). The changes in the emission intensity levels 
during these three distinct phases are summarised in Figure 5.11c. 
The entire assay was conducted at 35 — 38 °C which is known to be a temperature at which 
phosphatases operate optimally (the activity of free phosphatase is approximately 100% at this 
temperature).43 A period of 10 minutes was allowed to elapse after the addition of the quencher to 
the cuvette to ensure that the solution could reach thermal equilibrium (checked by taking the 
initial and final temperatures). This time delay also allowed the emission spectrum from the 
polymer to stabilise to its final position (indicated in red in Figure 5.11b, stage ii). Importantly, the 
addition of the phosphatase enzyme was adjusted such that the following two criteria were met; 
(i) the addition of Cdc25A should not cause a quenching effect — the emission from the 
PPE should remain constant 
(ii) the addition of the enzyme must be able to convert all of the NPP substrate. 
To ensure that these two conditions were met, a series of experiments were conducted where 
different aliquots of the phosphatase were added to PPE solutions prepared in an identical fashion 
to that used in the actual assay. Solutions containing the quencher NPP were also analysed, using 
UV spectroscopy (vide infra), to check if any of the substrate existed after the addition of Cdc25A. 
In these studies, after only 10 minutes, a single peak in the absorption spectrum at 405 nm could be 
observed which is due to the production of p-nitrophenol (4-NP). This indicated that the substrate 
had been completely consumed. The results from these experiments allowed us to optimise the 
volume of the enzyme that was added to the cuvette during the assay. 
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Figure 5.11 The emission spectra of PPE 155 at increasing concentrations of the quencher NPP in (a) 
25 mM TRIS buffer containing no added salt and (b) the emission spectra upon addition of an aliquot of 
the phosphatase enzyme (Cdc25A). (i) Initial emission intensity, (ii) emission after quenching by NPP, (iii) 
recovered emission level. (c) Changes in relative emission intensity levels. 
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Clearly the assay needed to be improved if it were to be employed in the field, with the main 
optimisation required for the second stage, where the rise in emission intensity was limited. A 
variety of aqueous conditions were used to determine the optimal conditions for the initial 
quenching (Stage 1); all of these results are shown in Figure 3.17a and Figure 3.17b (Chapter 
Three). Briefly, the solvent conditions that led to the most efficient quenching consisted of a 
sodium acetate buffer (25 mM), with added sodium chloride (150 mM) and 0.3 wt.% Triton. This 
resulted in a Stern-Volmer constant of the order 107 M-1 which was comparable to the highest 
values that we recorded in any buffer used. To the best of our knowledge, there are no instances in 
the literature where Stern-Volmer constants of this magnitude have been reported in aqueous milieu 
of such high ionic strength. 
The solvent conditions were also known to be suitable for the phosphatase enzyme that we sought 
to use, as confirmed by comparison to previous examples (were the activity of phosphatase was 
monitored)43 and reference literature.44 However, when attempting to recover the emission from 
the polymer, by addition of the enzyme, our results were broadly comparable with the finding in 
Figure 5.11 above — in general emission recovery was limited (< 10%). This outcome forced us to 
evaluate the nature of the quencher under the chosen solvent conditions and in particular the pKa 
value of the chosen phosphate group (being part of the quencher structure). Presumably, for the 
assay to work as described in Figure 5.10, the phenolate formed after reaction of the enzyme, 
would have to be protonated to ensure that it did not serve to quench the emission from the 
polymer. To assess 4-nitrophenol (4-NP) in this respect, an emission quenching experiment with 
PPE 155 and 4-NP was conducted (Figure 5.12). 
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Figure 5.12 The emission spectra of PPE 155 in 25 mM sodium acetate buffer containing 150 mM NaCI 
and 0.3 wt.% Triton X-100 at increasing concentrations of the quencher 4-NP (4-nitrophenol). The new 
phenol quencher strongly reduces the emission from the polymer, with a Stern-Volmer constant of 8.9 x 
106 M-1, which is comparable to NPP. 
The emission spectra of 10 tM PPE 155 in the optimised solvent conditions is shown in Figure 
5.12 at increasing concentrations of 4-NP. As is seen in the figure, this work has illustrated the 
fortuitous discovery of a new quencher (4-NP) for PPE 155, which proves to be very effective at 
reducing the emission from this cationic CPE.45 In the selected aqueous conditions, the Stern-
Volmer constant is almost indistinguishable from that of its derivative NPP, which is unsurprising 
as presumably the modification of NPP by the enzyme (to form 4-NP) does not significantly affect 
the electron-accepting ability of the quencher, an idea supported by these results. 
The overall effect of this finding conclusively proves that in the selected buffer conditions, the 
phenolate ion that was generated can quench the emission from the polymer as efficiently as its 
precursor and so conditions ensuring the protonation of this ion are required. By reducing the pH 
of the buffer to 2.90, it was quickly established that the yellow colour (associated with the 
phenolate ion) of a solution of 4-NP could be eliminated. Satisfyingly, repetition of the quenching 
experiment with PPE 155 and NPP, at pH = 2.90 (but otherwise identical buffer conditions as 
described in Figure 5.12), yielded a similar ksv value (1.2 x 106 M-1). At this stage conditions that 
satisfied two important requirements for the enzyme assay, as described in Figure 5.10, were met: 
(i) The initial quenching with the phosphate quencher NPP was optimised and strong — ksv values 
of 106 — 107 M-1 were routinely recorded. (ii) Conditions that ensured that the phenolate ion 
(formed by action of the enzyme on NPP) remained protonated throughout the assay had been 
identified. The final issue that remained concerned the operational 'window' for the enzyme. This 
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is illustrated in Figure 5.13 below, where the activity of the enzyme used is plotted against solution 
pH 43 
Figure 5.13 Activity profile of the phosphatase enzyme free in solution and adsorbed onto a silica 
surface. Reproduced from 'Kinetic properties and stability of potato acid phosphatase immobilized on Ca- 
polygalacturonate' by Marzadori et a1..43 
At pH = 3.50, the free phosphatase has an activity of — 80%. No activity is quoted for pH values 
below 3.50 but from the curvature of the graph, extrapolation suggests that the activity of the 
enzyme would diminish gradually. Importantly, it is likely that there would be sufficient activity 
from the enzyme at pH = 2.90 for the assay to succeed. To assess whether this is the case, the 
activity of the phosphatase was tracked by observing the accumulation of p-nitrophenol. 
An absorption experiment was conducted where a TRIS buffered aqueous solution (at pH = 2.90) 
of NPP was treated with the enzyme. After 5 minutes, an excess of NaOH was added (to 
deprotonate the p-nitrophenol, forming the phenolate) which gave rise to a bright yellow colour 
originating from the phenolate ion. Encouraged by this, the enzyme assay in the presence of PPE 
155 was attempted again using the new conditions (Figure 5.14). 
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Figure 5.14 Results from the optimised phosphatase assay; (a) (i) the emission spectrum of PPE 155; 
(ii) effect of the quencher and (iii) the phosphatase on the emission properties of the polymer. The inset 
shows the Stern-Volmer plot for this process (ksv = 1.2 x 106 M-1). (b) Changes in relative emission 
intensity levels: (i) Initial emission intensity, (ii) emission after quenching by NPP, (iii) recovered emission 
level. The assay was optimised by adjusting the solution pH (= 2.90) to ensure protonation of the product 
from the enzyme reaction. 
Under the optimised conditions a modest emission recovery of 11% was observed from the point 
when the quencher was added. There are many factors that could explain why the modified 
conditions used in the assay failed to produce a better result. It is possible that the conformational 
order of the polymer in solution is altered in a way that 'traps' the quencher within the vicinity of 
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the backbone. The change in solution pH may also have influenced the emission properties of the 
polymer. There was insufficient time to investigate these issues, though clearly such factors would 
provide a starting point for further studies in the future. 
5.6 	Fabrication of a solid state sensor 
The fabrication of a solid state sensor remains a formidable challenge as the existence of orbital 
coupling, which necessarily leads to self-quenching, is prevalent.46 The quenching mechanism 
operates in addition to the usual electron transfer process (which proceeds through a 
polymer/quencher complex) and complicates an already difficult picture. Furthermore, aggregation 
effects, which are known to occur in solution upon addition of quencher species,2 may also be a 
factor in the solid state though, the polymer chains would be expected to be more rigidly fixed 
thereby mitigating this effect. 
The widespread applicability for this mode of quenching has been amply demonstrated by several 
elegant examples in the literature 47 These results have demonstrated that conjugated polymers 
have a remarkable ability to enhance emission quenching effects. This innate sensitivity is 
attributed to the nature of the singlet excited state — the exciton — which samples the entire 
conjugated network. Thus, upon binding a quencher molecule, the emission from a CP is rapidly 
quenched as excitations that are distant on a fluorophore are quickly transferred to the quencher. 
So far, the vast body of work on the use of such materials for sensing has concentrated on solution 
state studies. To broaden this scope and allow for the wider applicability of such technologies in, 
for example, instant medical diagnostic applications, it is necessary to develop solid state 
methodologies which avoid the use of complex assays with multiple handling steps and potentially 
multiple solutions. Whitten et al. have already shown how poly(phenylene ethynylene) (PPE) 
polymers coated on microspheres can be used as a sensitive platform for the detection of 
oligomeric DNA strands in a `turn-on' assay that utilises a PNA capture ligand.48  
However, transferring the emission quenching concept to a solid state sensor design has proved 
more problematic as issues regarding polymer-polymer interactions become more important.46 This 
has led to ever-increasing complexity being introduced into the polymer design in attempts to 
reduce interchain interactions which have a negative impact on the emission intensity and quantum 
yield.49 
Despite these issues, the case for fabricating conjugated polymers in the solid state is compelling; 
exciton motion would be expected to occur in three-dimensions thereby extending the potential 
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range of sites that it could sample during its lifetime. In a recent report, Swager summarised the 
rationale;5° in solution the exciton will travel along isolated polymer chains in a random fashion 
sampling receptors that were previously visited, along with new ones. This occurs in a haphazard 
fashion as the exciton embarks on a random-walk process which means that for much of the time it 
is essentially limited in its ability to sample new receptor sites. To avoid this, two- and three-
dimensional constructs would increase the efficiency of the random-walk of the exciton and 
maximise the sampling ability (via nearest neighbour hopping) of the exciton during its lifetime. 
This is an important point as emphasised by Kleimen and Schanze, who noted that the random 
walk mechanism is inherently time-dependent.51 They used an anionic PPE in solution to model 
exciton hopping and observed that fast excitation hopping is the crucial and dominant quenching 
mechanism (static quenching) for their system.51  
In this study, we demonstrate that structurally undemanding PPEs can be used as sensors in the 
solid state, though sensitivity levels are moderate as the polymer structure has yet to be optimised 
for this particular sensing format. The ability of a poly(phenylene ethynylene) conjugated 
polyelectrolyte to detect a small molecule quencher in the solid state was assessed by coating the 
polymer onto a plastic-backed, non-fluorescent, silica-gel TLC plate. The efficiency of the 
emission quenching process was quantified by noting the resulting loss of emission with increasing 
quencher concentration, in accordance with the Stern-Volmer relationship. The emission quenching 
induced by the addition of the analyte was quantified in the usual way. 
To obtain a thin film of the polymer, a plastic-backed TLC plate was immersed into an aqueous 
solution containing PPE 155 (-j 1 mM in repeat units). After 15 minutes, the plate was removed 
from the solution and then dried under a gentle stream of nitrogen. The plate was then rinsed with 
water (to remove the excess PPE 155 from the surface, which failed to coat the surface) and dried 
under nitrogen. The experimental set-up for measuring the performance of the polymers coated 
onto the TLC plates is shown in Figure 5.15, along with the structures of PPE 155 and the emission 
quencher NPP. As it is important to ensure that there was no leaching of the polymer from the TLC 
plate during the course of the experiments, the newly-coated plate, following the coating and 
washing procedure (described in the Experimental section, Chapter Seven), was placed in the 
aqueous solution in the cuvette (as shown in Figure 5.15a) and the solution left to stand for 30 
minutes. After this time, the plate was removed and the emission spectrum recorded. Satisfyingly, 
no emission could be detected from the aqueous solution and therefore this confirmed that no 
leaching of the conjugated polymer from the TLC plate had occurred. 
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Figure 5.15 (a) Cuvette set-up for thin film sensing in water, of PPE 155 coated onto a plastic-backed 
TLC plate, (b) the structures of the polymer and quencher used, (c) images of the quenching process as 
conducted on plastic-backed TLC plates. 
To investigate the ability of PPE 155 to detect the small molecule quencher NPP, the sensing strip 
was set-up as shown in the diagram (Figure 5.15a) and small known amounts of NPP were added 
to the cuvette, whilst examining the emission intensity using photoluminescence spectroscopy. The 
loss of fluorescence upon increasing the quencher concentration was correlated with the Stern-
Volmer equation52 which allowed us to quantify the efficiency of the quenching process. The Stern-
Volmer plot is shown in Figure 5.16 (ksv = 5.5 x 103 M-1) along with emission spectra for this 
series of quenching experiments. The Stern-Volmer constant is 8500-times lower than that 
measured for the analogous solution based experiment. This significant reduction reflects the 
difficulties in obtaining the combination of good exciton transport and correct conformational 
order, factors that were identified as being important to enable high ksv values to be obtained in the 
solution state (Chapter Three). 
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Figure 5.16 The emission spectra a thin film of PPE 155 coated onto a plastic-backed TLC plate at 
increasing concentrations of the quencher NPP. The inset shows the Stern-Volmer plot using data 
extracted from the main figure. The intensities in the Stern-Volmer plots are determined from the area 
beneath the corresponding curves in Figure 5.16, and are normalised with respect to the measured 
emission intensity in the absence of NPP. The markers denote experimental data lines and the solid- 
lines indicate the optimal fit to the Stern-Volmer relation. 
The effect of coating PPE 155 onto a TLC plate led to a significant change in the overall shape of 
the emission profile. In solution based experiments, the emission spectra are much sharper (and 
display some vibronic structure), and are blue-shifted relative to the solid state emission which is 
relatively broad and featureless, characteristic of limited emission from a partially quenched state. 
Importantly, in order for us to observe any significant emission using our sensing strips, the 
polymer had to be coated onto the silica surface53 from a PPE solution of relatively high 
concentration (— 1 mM in repeat units). This may be because there was insufficient absorption 
from the coated polymer at the more dilute concentrations. This highlights several important 
points: 
• Aggregation of polymer chains remains one of the main obstacles to developing solid state 
sensors based on conjugated polymers. Specifically, the development of non-aggregating 
PPEs has been investigated by many groups and the strategy adopted involves developing 
suitable co-monomers that permit three-dimensional excitonic motion, without the 
drawback of having aggregates and self-quenching effects, often prevalent in such 
materials.54  
• An additional issue concerns the detection geometry (Figure 5.15a) which may have 
limited the amount of light entering the detector. Changes in the emission are therefore 
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detected partially indirectly from the solution and not directly from the surface of the 
polymer-coated TLC plate. 
• It has been previously noted2 during solution-based quenching experiments, that 
increasing the polymer concentration can be detrimental for the efficiency of the 
quenching process as measured by the Stem-Volmer constant. 
The impact of these factors can help explain the results we observed for the solid state quenching 
experiments. In order to obtain a measurable signal, we coated the plates from a polymer stock 
solution at a moderately high concentration (-- 1 mM). As a result, the amount of polymer 
deposited onto the silica surface was approximately 1000 times higher (assuming the entire 
polymer sample on the plate is emissive) than that usually used for conducting such sensing 
measurements in solution. In solution based studies it has been previously reported that a 10-fold 
increase in the sensor concentration (1 µM to 10 µM) can lead to an order-of-magnitude decrease 
in the measured ksv value.2 
Clearly, the concept of concentration can not be directly applied to the solid state, but the 8500-fold 
decrease in the size of the Stem-Volmer constant reported here is consistent with the previous 
concentration-dependent finding. Additionally, the structure of PPE 155 was not optimised to 
achieve a balance between efficient exciton motion and minimal self-quenching. As a result, 
coating NPP onto the silica surface in this manner probably resulted in inefficient exciton motion. 
To address these issues, and in order to exert some control over the alignment of the conjugated 
polymer chains in the solid state, we decided to explore the effect of the addition of a surfactant. 
The non-ionic surfactant Triton X-100, has been previously used by other groups to improve the 
quantum efficiency of conjugated polymers in aqueous solutions, by preventing the close 
alignment of polymer chains and thus self-quenching 40,55  In our experimental scheme, we 
envisaged that the addition of a surfactant to the solution of PPE 155 used for coating, would 
perhaps lead to an increased distance between neighbouring chains when coated on to the silica 
surface. To test this idea, we repeated the above quenching experiments changing only the solution 
that were used to coat the TLC plates. In the only change, 5 wt.% of the surfactant (— 30-fold 
excess), was added to the polymer solution. 
Figure 5.17 shows the Stem-Volmer plot for the quenching of PPE 155 coated from a surfactant-
containing solution by NPP. A Stem-Volmer constant of 5.6 x 103 M-1 was obtained; given the 
margin of error associated with these measurements, this value is essentially the same as that 
recorded in the previous experiment. 
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Figure 5.17 The emission spectra in water of PPE 155 coated onto plastic-backed TLC plates at various 
concentrations of the quencher NPP. The inset shows the Stern-Volmer plot using data extracted from 
the main figure and treated as before. 
Therefore the addition of the surfactant had a negligible effect in terms of improving the overall 
efficiency of the sensing process, though clearly further experiments would be necessary in order 
to determine whether high concentrations would have a beneficial effect. The surfactant led to a 
small blue-shift in the emission intensity (2 nm) which is approximately five-times smaller than the 
typical red-shifts in the solution state emission spectra that were measured for PPE 155 in water. 
These changes highlight the limited action of the surfactant in affecting both the conformational 
order of the polymer and the disruption of aggregates in the solid state. 
It was assumed that the surface coverage on the silica TLC plates was uniform for each quenching 
experiment, though surface analysis would need to be conducted to confirm this. However, this 
initial finding does suggest that surfactants, or indeed miscible matrix polymers (that serve as 
scaffolds that prevent strong self-quenching whilst allowing the facile movement of 
photoexcitations) can be useful when creating solid state structures from aqueous solutions of 
conjugated polymers. When spin-coating thin films this contribution could, in some circumstances, 
negate the need for complex synthetic modifications of the polymer in order to reduce excessive It-
7c stacking in the solid state. Thin films made by spin-coating onto glass slides, would also allow 
for an estimate of the film coverage. For example, previous reports with water-soluble cationic PPP 
systems,56 suggest that the film coverage is approximately equal to that expected for a single 
monolayer of the polymer (2.4 x 1010  mol cm-2).56 
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6 	Conclusions and Perspectives 
6.1 	Conclusions 
The investigations presented in this thesis centred on the optimisation of polyelectrolyte biosensors 
and sought to provide a systematic study of the quenching mechanisms in these systems with a 
view to maximising Stem-Volmer coefficients. These optimised systems were then employed in the 
detection of oligomeric DNA strands and in an enzyme assay. 
To accomplish this, a variety of organic and water-soluble conjugated polymers and shorter small 
model analogues were synthesised. Analysis of the first generation polymers revealed the 
importance of conjugation length; their sensitivity, as evaluated by measuring Stem-Volmer 
coefficients, suggested that they were comparable with polymers described in the literature (ksv  
106 M-1),1 with the modest differences attributed to variations in the effective conjugation lengths, 
between our polymers and those reported. 
In order to achieve improved performance as sensors, a detailed study of the Sonogashira-I-lagihara 
polymerisation was undertaken with neutral bis(cetyloxy)-PPEs. This revealed that the best 
conditions, evaluated by considering molecular weights using NMR and GPC data, involved long 
reaction times (minimum of 48 hours), a vigorously anaerobic environment, freshly 
prepared/bought catalysts and importantly good solubility of all monomers. The use of these 
measures allowed a degree of polymerisation, of approximately 30, to be routinely recorded for the 
synthesis of the neutral polymers. 
Armed with this knowledge, a series of second generation materials were synthesised including a 
potentially phosphate-selective isothiouronium-containing small model analogue. The new 
materials were based on previously reported ion sensors which could discriminate between 
phosphate and carboxylate ions. In similar previous work reported by Teramae et al., where 
naphthalene-functionalised isothiouronium-based receptors were studied, a 4-fold increase in the 
emission intensity was recorded. This was ascribed to a suppression of the PET process that 
occurred between the donor fluorophore and acceptor isothiouronium motif.2 Although we had no 
direct evidence to suggest that our new small model analogues would behave in a similar manner, 
initial results allowed us to speculate on possible reasons for this. 
Early experiments showed no clear optical response from these materials upon treatment with 
target oxoanions (e.g. only a — 10% rise in the emission was observed when an excess of 90:1 of 
phosphate ions to sensor PE 175 was used). This was attributed to the relatively large distance 
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between the recognition unit and fluorophore (4 bond lengths), which prevented potential 
photoinduced charge transfer between the fluorophore and the isothiouronium motif. This is 
consistent with previous findings where efficient PET has been reported when the distance 
separating the fluorophore and isothiouronium units is reduced.2•3  
The novel cationic polymer PPE 155 and its small model analogue (PE 154) were synthesised. 
Compared with previously reported PPEs, the new materials contained a shorter bridge between 
the conjugated backbone and the recognition unit (that also serves as a water-solubilising motif) 
which we envisaged would lead to an improvement in the emission quenching efficiency. 
The Stern-Volmer coefficient for the polymer (with NPP) was found to be approximately 3000 
times higher than that of the small model analogue (4.7 x 107 M-1 versus 1.4 x 104 M-I), indicating 
strong amplified quenching. This is in common with a number of structurally similar materials, 
where the amplified quenching effect has been demonstrated. The origin of this effect is expected 
to arise from the highly delocalised singlet excited state present in PPEs coupled with ion-pairing. 
The combination of these effects enhances the effective quenching radius of the quencher.4 
The high Stem-Volmer coefficient of the polymer, however, was found to reduce dramatically 
under the high ionic strength conditions typically encountered in biological assays — a widely 
reported effect that renders the polymer unusable for high sensitivity detection in such 
environments.5•6 This reduction in ksv is attributable to the dissolution of polyelectrolyte aggregates 
under high salt conditions, which prevents excitons from communicating with multiple chains. 
This is based on a number of key observations that are supported by various experimental data. We 
assume that in pure water PPE 155 is fully aggregated. This supposition has been suggested by 
others and we consider that this idea is of central importance in allowing interchain interactions, 
through face-to-face 7t-stacking, which gives rise to a number of effects. For example, the facile 
movement of excitons in such aggregates increases the sphere-of-action of a quencher molecule. In 
addition, such aggregated structures were found to have lower quantum efficiencies compared with 
de-aggregated polymer chains (which are formed by the addition of a surfactant, like Triton, to a 
solution of the polymer in pure water). Finally, PPE 155 displayed broad emission spectra in pure 
water, which is consistent with polymer aggregation. 
The non-ionic surfactant Triton X-100 had previously been used to induce association of (non-
conjugated) polyelectrolyte chains in low ionic strength solutions; we anticipated it would have a 
similar effect in high ionic strength solutions, and hence might offer a potential means of 
preventing the catastrophic loss in ksv. The addition of Triton to pure water solutions of the 
polyelectrolyte was found to have a slightly detrimental effect on the Stem-Volmer coefficient, 
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leading to a five-fold reduction compared to the surfactant-free case (ksv = 9.1 x 106 M-1). This 
reduction is consistent with a reduced ability of excitons to migrate between multiple 
polyelectrolyte chains in the polyelectrolyte/surfactant complexes. This result is in agreement with 
previously reported literature data, and can be rationalised by considering that the effect of the 
surfactant on the polymer chains in pure water could be to reduce interchain interactions, serving 
as a de-aggregating agent, in this medium. Importantly, however, a similar ksv value of 1.1 x 107 M-
I was also obtained for PPE 155/Triton in 25 mM TRIS buffer containing 150 mM NaCl. This 
compares with only 1.6 x 104 M-1 in the absence of Triton. This key finding contradicts previous 
reports where the addition of the surfactant Triton (to buffered aqueous solutions) has resulted in 
further reductions in the Stern-Volmer constant.6 In this case, the differences between our analysis 
and the literature example include the nature of the conjugated polyelectrolyte (ours was cationic, 
the literature example involved an carboxylic acid-functionalised polymer) and the ionic strength 
of the solutions (we used a 25 mM buffered solution containing 150 mM of NaCI; in the reported 
example a 50 mM Tris buffer was used with 150 mM NaC1).6 These differences suggest that the 
role of the surfactant depends on the specific conjugated polyelectrolyte and solvent conditions 
(our data indicates that its impact on the Stern-Volmer constant is dependent on the ionic strength 
of the solution). These assumptions are backed-up by quantum efficiency data for the polymer both 
in pure water and a high-ionic strength solution. Upon transferring PPE 155 from the former to the 
latter medium, a small rise in the quantum efficiency is noted, which suggests that the polymer is 
in a reduced aggregation state. The presence of Triton therefore prevents the substantial reduction 
in Stern-Volmer coefficient that usually occurs when a conjugated polyelectrolyte is used in 
buffered conditions. 
This study represents the first thorough analysis of the impact of realistic buffer conditions on the 
emission quenching properties of a typical class of PPE polymer. Moreover, the ability to maintain 
high Stern-Volmer constants in high ionic strength conditions extends the applicability of ionic 
conjugated polymers to high sensitivity detection in biological media, greatly enhancing their 
versatility as biological sensors. 
In order to enhance the emission quenching effect, the synthesis of third generation materials 
involved a key difference in the sensor design, with the recognition unit coupled directly to the 
conjugated backbone. These new materials are the first examples where receptor units are directly 
appended to the conjugated PE and PPE backbone. The anticipated enhanced electronic 
communication resulted in approximately a doubling in the Stern-Volmer values for the new PE 
small model analogue PE 208 as compared with a structurally related alkoxy variant (PE 154). This 
important finding indicates the importance of minimising the distance between the receptor unit 
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and conjugated backbone which, presumably, allows for increased rates of PET between the 
fluorophore and quencher. 
The use of the novel second and third generation materials for biosensor applications was 
investigated. The individual bases and shorter oligonucleotides (tetramers) were efficient emission 
quenchers (ksv= 105 —107 Ma). Initial DNA hybridisation assays with 35-mer strands, revealed an 
optical response that resembled that reported by Leclerc et al.; initially, the emission from PPE 155 
was quenched upon addition of the first 35 base-pair strand, but addition of the complementary 
strand resulted in almost complete recovery in the emission intensity level from the polymer (to 
within — 5%). From this, we concluded that the interaction of PPE 155 with the single-stranded 
probe and target DNA strands, was similar to that described by Leclerc et al.7 despite the 
differences in persistence lengths of the polymers (15 nm for PPEs compared with approximately 6 
nm for poly(thiophene)s).8 Clearly further measurements are needed to verify this claim (see 
Future Work section) but these initial results are intuitive, especially when considered in light of 
our quenching studies involving the single-base moieties, where the bases were found to be 
efficient emission quenchers. 
An assay involving the application of PPE 155 for the real-time monitoring of the activity of a 
phosphatase enzyme was designed. In the first stage, efficient quenching of the emission from the 
polymer was observed which was followed by a modest (19%) `turn-on' effect in the presence of 
the enzyme. The small recovery in the emission intensity was attributed to the strong quenching 
effect of 4-nitrophenol (4-NP), a by-product formed by the action of the phosphatase on NPP. 
However, despite amending the assay conditions to account for this unintended quenching effect, 
no improvement in the emission recovery could be obtained. We suspected that new solvent 
conditions (specifically the increased acidity, pH = 2.90) may have altered the conformation of the 
polymer leading to self-quenching effects. 
Finally, emission quenching experiments on the solid state have been performed and the efficiency 
of the quenching measured (ksv — 5000 Ma). These values are at least a 1000 times lower than 
those commonly recorded for solution based systems and for Langmuir-Blodgett (LB) monolayers9 
but demonstrate that such materials can be used in a more user-friendly format, allowing for such 
sensors to be employed in instant medical diagnostic work. 
6.2 	Perspectives and future work 
The exquisite sensitivity of conjugated polymers and small model analogues can be harnessed to 
provide a platform for a new generation of biosensors. A glimpse of potential future applications 
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has been provided in works by Leclerc et al.,' and currently such materials are already being 
exploited as explosive detectors in commercial devices.10 
6.2.1 Solution state emission quenching 
However, more research is required in order to better our understanding of the fundamental 
processes regarding emission quenching, particularly in biological media. As we found, the sensing 
response from CPEs can be greatly diminished in high-ionic strength conditions but can be 
recovered by the addition of surfactants. It would be beneficial to know what impact such aqueous 
conditions have on the polymer conformation, with a view to optimising the structure of the side 
chains (e.g. by introducing some of the structural features present in surfactants like Triton). To 
investigate these ideas light scattering techniques may help. 
Additionally, building selectivity into such devices is central to fabricating a successful biosensor. 
In this regard, these polymers have been used as 'optical-only' units with a secondary sensing 
element being employed. Though satisfactory, this approach neglects the potential for CPEs to be 
all encompassing units — our findings on guanidinium-oligo(phenyleneethynylene)s show that 
when in direct electronic communication with the conjugated backbone, greater increases in 
sensitivities can be realised (though we could not prove this effect for the polymeric versions). Our 
studies have shown that CPE materials such as PPE 155 can be used to interrogate biological 
systems. An important future experiment would involve the detection of multiple and single base-
pair mismatches along an oligonucleotide sequence, in a similar experiment to that described in 
Chapter Five, for a 35-mer complementary strand. Presumably the rate of formation of a complex 
between a CPE and oligonucleotides containing different mismatches would vary, which would 
allow one to track the progress of the hybridisation process by monitoring the changing emission 
spectra with time. 
A strategy to broaden the scope of functionalised PPEs could involve the use of 'click chemistry'." 
In principle, this would allow a wide variety of recognition moieties to be appended to the polymer 
backbone. The added advantage of this technique centres on the nature of the formed product, 
which would maintain the electronic communication between both entities, through the formation 
of an aromatic triazole unit (e.g. if an alkyne were combined with an azide-containing monomer). 
In preliminary studies we proved that the formation of an azide variant of monomer 140 was 
straightforward, although ideally the azide functional group would need to be attached to the 
aromatic ring such that the electronic communication between the receptor motif and conjugated 
backbone could be maintained. 
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Another avenue worth pursuing involves the translation of the solution state work into a format 
that is generally applicable for biological analysis. The use of conjugated polymers for sensing is 
ideally set-up for detection in 'on-chip' applications.12 Micro- and nanofluidic systems could 
potentially extend the detection limits for these systems and would allow for greater control to be 
exercised over the quenching process, by allowing for the easy addition of reagents. Additionally, 
any problems with photobleaching are mitigated as chip-based systems use a continuous flow of 
the polymer solution, thereby maintaining a constant emission level. 
6.2.2 	Solid state sensing 
One of the biggest problems concerns the accommodation of analytes in a sufficiently porous 
structure. Swager et al. opted to synthesise PPEs containing the sterically demanding pentiptycene 
units that effectively isolate PPE chains, thus preventing self-quenching effects.I3 They also have 
the additional benefit of providing 'free-volume' allowing for facile analyte diffusion, all without 
compromising exciton motion.13 
In our initial investigations we sought to avoid complex synthetic manipulations in favour of an 
approach based on the use of a surfactant. In pure aqueous solution, surfactants are known to 
moderate polymer-polymer interactions and so it was envisaged that they may have a similar effect 
in the solid state, though our initial results failed to verify this. 
Clearly, more work on the impact of surfactants is necessary. In particular, the use of thin films as 
the sensing platform would increase the consistency of film preparation. Thin films made by spin-
coating surfactant-containing polymer solutions, would allow for a systematic study of the impact 
of such additives. Moreover, coating a pre-arranged open porous network with the selected 
polymer sensor may provide a better way of avoiding self-quenching interactions without complex 
polymer architectures. 
6.2.3 Materials for biosensing 
The initial application of CPEs, in particular polycations, for biosensing requires further 
optimisation. The promising enzyme assay may suffer from a poorly designed quencher, as it was 
observed that the action of the phosphatase generates a molecule that retains the ability to induce 
strong quenching in the polymer. To circumvent this, an alternative quenching species is needed 
that does not remain electron deficient after dephosphorylation by the enzyme. One idea involves 
increasing the length of the tether between the electron-deficient aromatic unit and the phosphate 
unit, such that after the enzyme reaction, the generation of an aromatic phenol is avoided. 
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Optimising the DNA sensing applications for CPEs requires more work on understanding the 
nature of the interactions. With the 35-mer strands used in the initial hybridisation events, control 
experiments, involving non-complementary strands, are necessary to confirm the optical response. 
Additionally, single strands containing single, double and possibly further mismatches would need 
to be analysed, in a bid to observe differences that would allow one to distinguish between the 
anomalies in the target material. 
Cationic conjugated polymers and small model analogues can also be explored as fluorescent 
markers. Current available techniques for monitoring transfection events for gene delivery systems 
consist mainly of chemical treatments. Polymers like PPE 155, being highly emissive and water-
soluble, could be ideal candidates for such applications for use in sequencing, detection and 
sensing. 
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7 	Experimental Section 
7.1 	General 
Unless indicated otherwise, all reactions requiring anhydrous conditions were performed using 
oven-dried glassware and conducted under a nitrogen (99.998%) or argon (99.998%) atmosphere 
and starting materials were obtained from commercial suppliers (Sigma-Aldrich Chemical 
Company, Lancaster Synthesis, Avocado, Fisher Scientific, Strem Chemicals) and were used 
without further purification (Strem: Pd(PPh3)4,  99.9+%-Pd. Sigma-Aldrich: CuI, 99.999%; 
diisopropylamine, purified by redistillation, 99.95%; 1,3-propanesultone, 	99%; 4,4'-dipyridyl 
hydrate, DPy, 98%; 9,10-Anthraquinone-2,6-disulphonic acid disodium salt, AQS, 98%; 1,1'- 
dimethyl-4,4'-bipyridinium 	dichloride 	hydrate, 	MV2+, 	98%; 	N,AP—di-(tert- 
butoxycarbonyl)thiourea, 97%; 1,3-bis(tert-butoxycarbonyl)guanidine, 98%; 1,3-bis(tert- 
butoxycarbony1)-2-methy1-2-thiopseudourea, 	98%; 	4-Nitrophenyl 	phosphate, 
bis(cyclohexylammonium) 	salt 	hydrate, 	NPP, 	97%. 	Lancaster 	Synthesis: 
bis(trifluoroacetoxy)iodo]benzene, 97%). All reaction temperatures recorded indicate the 
temperature of the bath in contact with the reaction vessel. Anhydrous solvents were prepared in 
accordance with known protocols; tetrahydrofuran was distilled from sodium/benzophenone. 
Methanol was distilled from CaSO4 and acetone from potassium carbonate. Diethyl ether was 
distilled from K/Na/Ph2CO. Methylene chloride and acetonitrile were distilled from phosphorus 
pentoxide. Toluene was distilled from sodium/benzophenone. All other solvents were purchased 
from the Sigma-Aldrich Chemical Company and used as received (ACS grade or GPR grade). 
All intermediates were purified by column chromatography using Kieselgel BDH F254 30-70 gm 
grade silica gel. Solvents used were ACS grade or GPR grade. Routine monitoring of reactions was 
performed using analytical thin layer chromatography on pre-coated silica gel F2541366  Merck 
Kieselgel 60 A aluminium or glass-backed plates and visualised by the quenching of UV 
fluorescence (kex. = 254 nm) or one of the following visualisation reagents: anisaldehyde, 
permanganate, iodine vapour or cerium ammonium molybdate (CAM). 
'H-NMR and 13C-NMR spectra were recorded on a Jeol GSX 270 MHz (270 MHz and 67.5 MHz), 
a Bruker Avance 400 MHz instrument running with a dual resonance BBO probe with z-gradients 
(400 MHz and 100.6 MHz) or a Bruker 500 MHz instrument running with a dual resonance BBO 
probe with z-gradients (500 MHz and 125.8 MHz). All NMR chemical shifts were referenced to 
residual solvent resonances or to SiMe4 as an internal standard, unless otherwise indicated. 
Chemical shifts are expressed in parts per million, (ppm, 6) downfield from tetramethylsilane 
(TMS). Coupling constants are quoted in Hz. Splitting patterns are designated as s, singlet; d, 
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doublet; dd, doublet of doublets; t, triplet; q, quartet; sep, septet; m, multiplet; br, broad. Two-
dimensional spectra were recorded on the Bruker Avance 400 MHz instrument. 
Infrared spectra were recorded on a Perkin-Elmer Spectrum RX FT-IR spectrometer. Spectra were 
analysed as thin films between KBr or CaF disks. The values obtained are quoted in wavenumbers 
Mass spectra and HRMS were recorded under CI+, EI or FAB
+ 
conditions on a Micromass 
Platform II or a Micromass AUTOSPEC-Q instrument, at the Imperial College Department of 
Chemistry Mass Spectrometry Service facility. Matrix assisted laser desorption ionisation time of 
flight (MALDI-tof) mass spectra measurements were performed on a Bruker Reflex IV 
spectrometer. The instrument was equipped with a nitrogen laser (2 = 337 nm), detector (high 
mass, HMASSTM) and the applied voltage was varied using the method of pulse ion extraction 
(PIETM), up to 20 kV in reflection mode. For sample preparation see Chapter Two (section 2.3.2). 
Elemental analyses were determined by the University of North London Analytical Service. 
Melting points were obtained using a GallenKamp melting point apparatus and are uncorrected. 
TGA analyses were conducted on thermogravimetric analyser (Perkin-Elmer) at Imperial College. 
Ultraviolet-visible (UV-vis) measurements were conducted on a Perkin-Elmer Lambda 25 UV-vis 
spectrometer. Fluorescence measurements were conducted on either a Varian Cary-Eclipse 
Fluorescence Spectrometer with a xenon lamp as a light source or a SPEX Fluoromax-3 
Spectrofluorimeter or a Perkin-Elmer LS 50B Luminescence Spectrometer. Both absorption and 
emission spectra were measured in quartz cuvettes (10 mm x 10 mm x 45 mm, path length = 10 
mm); solutions were thoroughly degassed with argon (where stated) prior to use. Unless otherwise 
stated, all experiments were conducted at 25 °C (± 0.5 °C). Emission quenching techniques are 
described in section 7.3. A list of the materials used for the absorption and emission measurements 
along with those used to make the buffer solutions are listed in Table 7.1. 
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Table 7.1 Chemicals used in the preparation of solutions for photophysical analysis 
Chemical Supplier Purity CAS 
Water Fisher (deionised) 7732-18-5 
Methanol Sigma 99.5% 67-56-1 
Trizma® base Sigma 99.9% 77-86-1 
(Tris(hydroxymethyl)aminomethane) 
Trizmae hydrochloride Sigma ?_ 99.9% 1185-53-1 
(Tris(hydroxymethyl)aminomethane 
hydrochloride) 
Sodium acetate Sigma _)_: 99.5% 127-09-3 
Triton X-100 Sigma grade = 9002-93-1 
SigmaUltra 
Phosphatase, acid from potato Sigma - 9001-77-8 
Fluorescence lifetime measurements were acquired on a Hamamatsu — 60 ps, — 409 nm diode laser, 
a chromex 250 spectrograph imaging system and a Hamamatsu C4334-01 streak camera. This 
system was under the control of HPD-TA32 software (High Performance Digital Temporal 
Analyser). Quantum efficiency (QE) measurements were measured relative to the standard 
reference of quinine bisulphate (Of = 0.546, in 1N H2SO4), which has an emission range of 400 —
600 nm.1'2 The calculation of the QEs of the polymers required the measurement of absorption and 
emission spectra, (recorded on the instruments described above) consistent with Equation 9 
(Chapter Two, section 2.1.4). Fluorescence spectra were corrected for variations in the lamp 
efficiency using correction curves generated on the instrument. The absorbance for these 
fluorescence measurements was limited to — 0.05 (to minimise inner filter effects). Corrections for 
refractive indices were obtained from reference sources2 and the techniques used are described in 
Fery-Forgues and Lavabre.3  
The pH of solutions was determined using a pH metre (H1-98105) supplied from Hanna 
Instruments (http://www.hannainst.co.uk). The pocket pH metre was calibrated using standard 
buffer sachets supplied from Sigma. 
Dialysis membrane tubing (6 — 8 kDa MWCO) was purchased from Fisher Scientific (catalogue 
number: 132655) and was made from regenerated natural cellulose. To prepare for use, the 
membrane was soaked in deionised water for 2.5 hours and then rinsed with more deionised water. 
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Washing procedure for NaH: 
NaH was placed in an oven-dried round bottomed flask and argon was flushed though the system 
for 10 minutes. THF was then added and the suspension stirred for 5 minutes and allowed to stand 
for 25 minutes. The oily residue was then decanted off under argon and the above procedure 
repeated once more. This provided fresh samples of NaH that were then rapidly employed in 
subsequent reactions. 
7.1.1 Gel permeation chromatography (GPC) 
GPC at Imperial College London 
Sample concentrations were — 4-5 mg/mL and the prepared polymer solutions were left overnight 
to aid dissolution, when possible, before being filtered through a 0.45 gm and 0.2 gm membrane 
pore filter (Whatman Puradisk 13 mm syringe filters, PTFE membrane). GPC analyses were 
performed on: 
(i) A Waters Alliance GPC V2000 separation module equipped with three detectors; 
viscosity, UV and a Wyatt Technology Mini-DAWN light scattering detector (an 
18-angle detector with a 30 mW gallium-arsenide 690 nm laser light source). 
Alliance GPC 2000 series software was used to process data. The system ran with 
H2O (containing NaNO3 (0.2 M) and NaN3 (0.04%)) or DMAc as the eluant at 30 
°C. A guard column (TSK GMPW) and two analytical columns (TSK GMPWXL) 
were used, as supplied from Tosoh Bioscience LLC (pore size: 100 — 1000 A). 
The system was calibrated against polyethylene glycol or polystyrene standards 
(Polymer Laboratories). 
(ii) A triple-detector Viscotek TriSEC model 302 system, running at 1.0 mL/min 
(nominal), equipped with a three detectors (refractive index, viscosity and 90° 
light scattering), in combination with TriSEC version 3 software. The system ran 
with THF as the eluant at 30 °C, with mixed-bed TSK gel columns (7.5 mm x 300 
mm; pore size: 100 — 1000 A, Tosoh Corporation) and was calibrated against 
polystyrene standards.4 
(iii) A Polymer Laboratories PL-GPC 50 Integrated System, running at between 0.5 
and 1.0 mL/min (nominal), at 40 °C, equipped with two detectors (refractive 
index and viscosity) using DMF as the eluant and PLgel guard and two PL gel 5 
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MIXED-D columns (supplied by Polymer Laboratories) and calibrated using 
polystyrene standards. The data was collected and analysed using Cirrus GPC 
Offline/Online software, version 2.0 (2003). 
UK GPC Service, at Rapra Technology Ltd. 
Sample concentrations were — 1 — 2 mg/mL and the prepared polymer solutions were left overnight 
to aid dissolution before being filtered through a 0.21.1m membrane. GPC analyses were performed 
on a Viscotek system with PL gel guard and 2 mixed bed-D, 30 cm, 5 tm coloumns and the system 
was equipped with a refractive index (with differential pressure and light scattering) detector. 
Chloroform was used as the eluant at a flow rate of 1.0 mL/min (nominal), at 30 °C. 
7.1.2 Determination of the molecular weight of PPE 155 by SDS gel electrophoresiss  
A small (10 mg) sample of PPE 155 was dissolved in 10 1.1L of H2O and then vortexed and heated 
for 5 minutes at 65 °C. The sample was then vortexed again and then spun for 1 minute at 14000 
rpm. The supernatant (a yellow colour) was transferred to a new tube and 10 uL 2x SDS PAGE 
buffer was added. The sample was spun again for 1 minute and the supernatant loaded onto the gel. 
Much of the polymer appeared to be insoluble. This insoluble material was collected and 20 pi., 2x 
SDS PAGE buffer was added and the resulting mixture vortexed and this was also loaded on the 
gel. A 15% tricine gel run at 100 V, at 4 °C (to prevent overheating) was used over a period of 2 
hours. The gels were comprised of the following (2 gels): 
Resolving gel: 
6.7 mL 3M TRIS HC1 pH = 8.5; 10.1 mL 30% acrylamide; 2.0 mL glycerol; 200 1.1.1, 10% SDS; 1 
mL dd H2O; APS and temed to polymerise. 
Stacking gel: 
3.8 mL 3 M TRIS HC1 pH = 8.5; 1.3 mL 30% acrylamide; 375 mL 10% SDS; 4.6 mL dd H2O; APS 
and temed to polymerise. 
For the lower tank buffer: 	0.2 M TRIS HC1 pH = 8.9 
The upper tank buffer: 	0.1 M TRIS HC1, 0.1 M tricine, 0.1% SDS 
Once the gels were finished they were visulised using a UV transilluminator and then the gels were 
stained with coomassie blue. 
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7.2 	Syntheses 
ref 	molecule has been previously described in the literature. 
7.2.1 	2,5-Diiodo-1,4-dimethoxybenzene (114).6 
113 
	
114 
114 was prepared using a previously described procedure; characterisation data correspond to 
literature values.6 
114: (4.27 g, 52%), a white crystalline solid, m.p. 170 — 171 °C (Lit. 171 °C);6 IR (Film) vmax/cm-1  
743 (Ar CH def.), 1062 (CO str.), 1215 (CO str.), 1378 (CH def.), 1460 (CH def.), 2856 (CH str.), 
2927 (CH str.); SH (270 MHz, CDC13) 3.81 (6H, s, Ha), 7.17 (2H, s, Hb); Sc (67.5 MHz, CDC13) 
57.3 (Ca), 85.5 (CO, 121.7 (Ce), 153.4 (Cf); m/z (CI, NH3) 390 (10%, [M+H]+); HRMS (CI, NH3) 
Found: [M]
+
, 389.8611. C8H81202 requires: [M]+, 389.9569. 
7.2.2 	2,5-Diiodo-1,4-hydroquinone (108).6 
108 was prepared using a previously described procedure; characterisation data correspond to 
literature values.6 
108: (2.49 g, 77%), as beige needle-shaped crystals; Rf = 0.5 (THF:n-Hexane, 1:1, v/v); m.p 193 —
194 °C (Lit. 195 — 197 °C);6 IR (Film) vmax/cm-1 873 (Ar CH def.), 1048 (CO str.), 1190 (CO str.), 
1377 (CH def.), 1462 (CH def.), 2857 (CH str.), 3434 (OH str.); 8H (270 MHz, d6-acetone) 7.27 
(2H, s, Ha), 8.78 (2H, s, Hb); Sc (100.6 MHz, d6-acetone) 84.3 (Ca), 125.0 (Cd), 151.7 (Ca); m/z (CI, 
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NH3) 362 (100%, [M+II]+); HRMS (CI, NH3) Found: [M]+, 361.8314. C6H4I202 requires: [M]+, 
361.9037. 
7.2.3 	2,5-Diiodo-1,4-bis(propyloxy sulphonate)benzene (115).7 
Hb 
dH i 
0~9 	f SO3Na 
h I Ha 
OH 
108 	 115 
115 was prepared using a previously described procedure; characterisation data correspond to 
literature values.' 
115: (1.34 g, 37%), a white powder; IR (Film) vina,c/cm-1 629 (C-I str.), 849 (Ar CH def.), 1060 (C-
O str.), 1205 (C-O str.), 1482 (CH def.), 1623 (S=0 str.), 2868 (CH str.); SH (270 MHz, d6-DMSO) 
2.00 (4H, m, Ha), 2.60 (4H, m, Hb), 4.03 (4H, t, 	= 6.3 Hz, He), 7.29 (2H, s, Hd); Sc (67.5 
MHz, d6-DMSO) 25.9 (C,), 48.6 (CO, 69.5 (Cg), 87.5 (Ch), 122.9 (C;), 152.8 (Ci). 
7.2.4 PPE 41.7 
2,5-Diiodo-1,4-bis(propyloxy sulphonate)benzene (115, 1.01 g, 1.55 mmol) and 1,4-
diethynylbenzene (106, 0.201 g, 1.59 mmol) were dissolved in a mixture of H2O (20 mL) and 
DMF (20 mL) at 60 °C in a Schlenk flask with a gentle flow of argon and with magnetic stirring. 
The resulting clear solution was deoxygenated by three cycles of vacuum-argon cycling. Another 
solution comprised of Pd(PPh3)4 (50 mg, 43 mot) and CuI (10 mg, 53 tmol) in a mixture of 
diisopropylamine (10 mL) and DMF (10 mL) was likewise deoxygenated (three cycles of vacuum-
argon cycling) and was subsequently added to the former solution by means of a cannula. The final 
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mixture was again deoxygenated by vacuum-argon cycling and was then warmed to 50 — 55 °C and 
stirred under a positive pressure of argon for 40 hours. The resulting solution was viscous, brown 
in colour and exhibited an intense blue fluorescence when illuminated with a near-UV lamp. The 
solution was cooled and then slowly added to 1 L of a Me0H/acetone/Et20 mixture (10:40:50, 
v/v/v). The polymer precipitated as greenish fibres. It was redissolved in 200 mL of H20/Me0H 
(70:30, v/v) treated with 0.100 g of Na2S, and then the solution was filtered through quantitative 
filter paper, followed by a 10 — 20 gm fitted glass filter, and finally through a 0.8 gm nylon 
membrane. The polymer was precipitated by addition to a 800 mL volume of Me0H/acetone/Et20 
(10:40:50, v/v/v). The polymer was dissolved in H20/Me0H and reprecipitated from THF three 
more times. Finally, the polymer was dissolved in 150 mL of H2O, 0.050 g of NaCN was added, 
and the resulting solution was dialysed against distilled H2O using a 6 — 8 kD MWCO cellulose 
membrane, over three days (six H2O changes). The polymer was then precipitated from THF, 
filtered and dried under vacuum to give PPE 41 (0.682 g, 85%) as a light yellow powder; GPC 
(DMAc), PS standards): Mn g•-' 2500; IR (Film) vmax/cm-I 723 (Ar CH def.), 1049 (CO str.), 1169 
(CO str.), 1377 (CH def.), 1461 (CH def.), 1623 (S=0 str.), 2859 (CH str.), 2940 (CH str.); SH (270 
MHz, d6-DMSO, 298 K) 2.04 — 2.07 (4H, m, Ha), 2.49 — 2.69 (4H, m, Hb), 3.87 — 4.30 (4H, m, HO, 
7.07 — 7.58 (6H, m, Hd); 0c (100.6 MHz, d6-DMSO, 298 K) 25.3 (Ce), 48.0 (Cf), 68.9 (Cg), 86.9 
(Ch), 122.4 (Ci), 152.3 (Ci). Absorbance Xmax (in Me0H): 374 nm; emission ?max  (in Me0H): 435 
nm. 
7.2.5 Palladium tetrakis(triphenylphosphine), [Pd(PPh3)4].8 
PdC12 + 4 PPh3 	> Pd 
A mixture of palladium dichloride (0.500 g, 2.82 mmol), triphenylphosphine (3.84 g, 14.7 mmol) 
and 60 mL of freshly distilled DMSO was placed in a 250 mL 2-necked flask equipped with a 
magnetic stirrer bar and the system was then flushed with nitrogen with provision made for 
pressure relief through a paraffin oil bubbler. The resulting mixture was then heated with vigorous 
stirring until the solution became completely homogeneous (140 °C). The bath was then taken 
away and the solution rapidly stirred for another 15 minutes. At this point hydrazine hydrate (0.933 
g, 18.6 mmol) was added dropwise over a period of 5 minutes. A vigorous reaction took place with 
the evolution of nitrogen. The dark red solution was then allowed to cool to room temperature 
unaided and then cannula filtered. The yellow solid was recrystallised from hot Me0H (40 mL), 
filtered and washed successively with cold Me0H (2 x 10 mL) and Et20 (2 x 10 mL). The product 
was dried by blowing a slow stream of nitrogen over it for 14 hours, to afford pure Pd(PPh3)4 
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(2.58 g, 80%) as a bright yellow solid. The catalyst was then stored under nitrogen in the freezer 
and away from sources of light; SH (270 MHz, CDC13) 7.28 - 7.57 (36H, m, Ha), 7.62 - 7.85 (24H, 
m, Hb);  6p(100.6 MHz, CDC13) 8.3, 24.0, 28.3, 29.8, 33.7. 
7.2.6 Purification of Cu(I)I.9 
Cuprous Iodide was purified by continuous extraction (14 hours) with tetrahydrofuran in a soxhlet 
apparatus. The purified material was stored away from light, in an argon atmosphere, and was 
light-grey in colour. 
7.2.7 	1,4-B is-(3-bromopropoxy)-2,5-diiodobenzene (122). 
Method 1- adapted from Swager et al. 6 
OH 
 
 
 
OH 
108 
	
122 
Impure 
A flask was charged with 1,3-dibromopropane (1.10 mL, 11.1 mmol), potassium carbonate (7.92 g, 
55.8 mmol), and acetone (100 mL). Then, 2,5-diiodhydroquinone (108, 2.00 g, 5.53 mmol) was 
dissolved in acetone (30 mL) and drawn into a 50 mL syringe and the solution added dropwise 
over 96 hours to the solution held at 70 °C. The reaction was monitored by TLC and when it was 
deemed complete (96 hours) the turbid mixture was cooled to room temperature the solvent 
removed. The solids were partitioned between H2O and CHC13. The organic layer was washed with 
10% saturated aqueous KOH (30 mL), H2O (30 mL) and saturated aqueous NaCl solution (30 mL). 
The organic layer was dried over Na2SO4, filtered and concentrated. The resulting golden oil was 
placed under vacuum, resulting in the oil solidifying and the solid was recrystallised from Et20 to 
yield crude 122 (1.31 g, 40%) as a white powder; IR (Film) vmaa/cm-I 761 (Ar CH def.), 1021 (CO 
str.), 1215 (CO str.), 1378 (CH def.), 1455 (CH def.), 2855 (CH str.), 2930 (CH str.); SH (270 MHz, 
CDC13) 2.32 (4H, q, 3./H.H = 6.0 Hz, Ha), 3.67 (4H, t, 	= 6.4 Hz, Hb), 4.07 (4H, t, 3./H-H = 4.7 
Hz, He), 7.20 (2H, s, Ha); 6c (100.6 MHz, CDC13) 30.1 (C,), 32.3 (Cf), 67.6 (Cg), 86.4 (Ch), 123.0 
(CO, 152.7 (C); m/z (CI, NH3) 604 (85%, [M+H]+), 622 (65%, [M+NHa]+); HRMS (CI, NH3) 
Found: [M]
+
, 603.7428. C12H14Br2I2O2 requires: [M]
+
, 603.8553. 
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The material was not isolated cleanly. Possible structures and sources of impurities are discussed 
in Chapter Two, section 2.2. 
	
7.2.8 	1,4-Bis-(3-bromopropoxy)-2,5-diiodobenzene (122). 
Method 2 — adapted from Whiteside et al l° 
A solution of 2,5-diiodhydroquinone (108, 0.400 g, 1.11 mmol), 1,3-dibromopropane (0.34 mL, 3.3 
mmol), K2CO3 (0.693 g, 5.01 mmol) and acetone (10 mL) were stirred at reflux for 24 hours 
during which time the reaction was deemed complete by TLC; Rf  = 0.75 (n-pentane:EtOAc, 2:1, 
v/v). K2CO3 was removed by filtration through celite (1 cm depth, 4 cm diameter in a sinter funnel) 
and the solvent was removed on the rotary evaporator. The resulting brown solid was taken up in 
CH2C12 (50 mL) and washed with H2O (3 x 30 mL), 3 M NaOH (3 x 30 mL), 3 M HC1 (3 x 30 mL) 
and brine (3 x 30 mL) and dried over MgSO4. The solvent was removed in vacuo to yield a brown 
solid that was recrystallised from EtOAc and n-hexane (1:1, v/v) to yield crude 122 (0.463 g, 69%) 
as white crystals. Spectral analysis was identical to previous (above; Method 1 — Swager et al.). 
Possible structures and sources of impurities are discussed in Chapter Two, section 2.2. 
7.2.9 	1,4-Bis-(3-(trimethylammonium)propoxy)-2,5-diiodobenzene (123). 
o-/-",..„„•-•••••.Br 
 
 
122 
	
123 
Impure Impure 
1,4-Bis-(3-bromopropoxy)-2,5-diiodobenzene, 122, (2.00 g, 3.34 mmol) was suspended in 45% 
trimethylamine in H2O (45 mL), EtOH (65 mL) and acetone (65 mL). The suspension was heated 
to 130 °C. At 95 °C the suspension clarified and refluxing commenced shortly afterwards. The 
reaction was heated for a total of 18 hours. The pale-yellow solution was then concentrated on the 
rotary evaporator to yield a solid, which was recrystallised from EtOH/Et20 (1:1, v/v) to give 
crude 123 (1.91 g, 79%) as a fine white powder; IR (Film) vmax/cm-1 937 (Ar CH def.), 1058 (CO 
def.), 1210 (CN str.), 1377 (CH def.), 1462 (CH def), 2851 (CH str.); 8H (270 MHz, d4-MeOD) 
2.30 — 2.36 (411, m, Ha), 3.22 (18H, s, Hb), 3.61 — 3.67 (4H, m, He), 4.08 — 4.13 (4H, m, Hd), 7.38 
(2H, S, He); Sc (100.6 MHz, d4-MeOD) 24.5 (Cf), 53.9 (Cg), 65.8 (Ch), 68.2 (C1), 87.3 (Ci), 124.4 
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(Ck), 154.3 (C1); m/z (FAB, +ve) 642 (50%, [M-Br ]+); HRMS (FAB, +ve) Found: [M-Br ]+; 
642.9725. C18H32BrI2N202 requires: [M-Br ], 642.1713. 
The molecule was not isolated cleanly. Unassigned signals: SH (270 MHz, d4-MeOD) 4.40 — 4.50 
(br m), 4.15 — 4.25 (m), 7.35 (s). See Chapter Two, section 2.2 for further details. 
7.2.10 PPE 124. 
NMe3 Br 
1,4-Bis-(3-(trimethylammonium)propoxy)-2,5-diiodobenzene (123, 1.25 g, 1.73 mmol) and 1,4-
diethynylbenzene (106, 0.193 g, 1.52 mmol) were dissolved in a mixture of H2O (20 mL) and 
DMF (20 mL) at 50 °C in a Schlenk flask with a gentle flow of argon and with magnetic stirring. 
The resulting clear solution was deoxygenated by three cycles of vacuum-argon cycling. Another 
solution comprised of Pd(PPh3)4 (52 mg, 45 gmol) and Cu(I)I (10 mg, 45 gmol) in a mixture of 
diisopropylamine (10 mL) and DMF (10 mL) was likewise deoxygenated (three cycles of vacuum-
argon cycling) and was subsequently added to the former solution by means of a cannula. The final 
mixture was again deoxygenated by vacuum-argon cycling and was then warmed to 50 — 55 °C and 
stirred under a positive pressure of argon for 48 hours. The resulting solution was viscous, brown 
in colour and exhibited an intense blue fluorescence when illuminated with a near-UV lamp. The 
solution was cooled and then slowly added to 1 L of a Me0H/acetone/Et20 mixture (10:40:50, 
v/v/v). The polymer precipitated as yellow fibres. It was redissolved in 200 mL of H20/MeOH 
(70:30, v/v) treated with 0.100 g of Na2S, and then the solution was filtered through quantitative 
filter paper, followed by a 10 — 20 gm fitted glass filter, and finally through a 0.8 gm nylon 
membrane. The polymer was precipitated by addition to 800 mL of Me0H/acetone/Et20 (10:40:50, 
v/v/v). The polymer was dissolved in H20/MeOH and reprecipitated from THE twice more. 
Finally, the polymer was dissolved in 150 mL of H2O, 0.050 g of NaCN was added, and the 
resulting solution was dialysed against distilled H2O using a 6 — 8 kD MWCO cellulose membrane, 
over two days (two H2O changes). The polymer was then precipitated from acetone, filtered and 
dried in a vacuum oven to give crude PPE 124 (0.463 g, 45%) as a light yellow-tan solid; IR (Film) 
vma,c/cm-1 722 (Ar CH def.), 1155 (CO str.), 1305 (CN str.), 1377 (CH def.), 1454 (CH def.), 2847 
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(CH str.); OH (270 MHz, d4-MeOD, 298 K) 2.22 - 2.44 (4H, m, Ha), 3.14 - 3.23 (18H, m, Hb), 3.58 
- 3.67 (4H, m, He), 4.16 - 4.24 (4H, m, Hd), 7.12 - 7.30 (2H, m, He), 7.40 - 7.62 (4H, m, Hf); Sc  
(125.8 MHz, D20, 363 K) 26.6 (Cg), 56.8 (Ch), 67.9 (C,), 70.6 (CI), 91.1 (Ck), 98.8 (C1), 135.1 
(Cm), 156.5 (Ca). Due to the limited solubility of this polymer only a partial 13C NMR has been 
obtained. Absorbance Xmax  (in unbuffered H20): 400 nm; emission Xmax (in unbuffered H20): 468 
nm. 
The polymer was not isolated cleanly. Unassigned signals: 8H (270 MHz, d4-MeOD, 298K) 4.37 -
4.55 (br m). See Chapter Two, section 2.2 for further details. 
7.2.11 1,4-Bis-(3-bromopropoxy)benzene (132).10 
OH 
	
Br 
131 
	
132 
132 was prepared using a previously described procedure; characterisation data correspond to 
literature values.10 
132: (6.73 g, 21%) as white crystals, m.p. 69 - 71 °C (Lit. 68 - 69 °C);76 IR (Film) vmaa/cm-1 821 
(Ar CH def.), 1032 (CO def.), 1233 (CO str.), 1377 (CH def.), 1461 (CH def.), 2855 (CH str.), 
2925 (CH str.); 0H  (270 MHz, CDC13) 2.28 (4H, q, 3 = 6.1 Hz, Ha), 3.59 (4H, t, 3414i = 6.4 Hz, 
Hb), 4.04 (4H, t, 341-n= 5.8 Hz, He), 6.83 (4H, s, Hd); 5c (100.6 MHz, CDC13) 30.1 (Ce), 32.5 (Cf), 
66.1 (Cg), 116.6 (Ch), 153.1 (C1); m/z (CI, NH3) 370 (100%, [M+NH4]+), 352 (15%, [M]+); HRMS 
(CI, NH3) Found: [M+NH4]+, 370.9878. Ci2H2oBr2NO2 requires: [M+NH4]+, 370.1002. 
7.2.12 1,4-Bis-(3-bromopropoxy)-2,5-diiodobenzene (122).6 
o 	 () Br 
132 
	
122 
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1,4-Bis-(3-bromopropoxy)benzene (132, 0.500 g, 1.42 mmol) was added to a mixture of glacial 
AcOH (10 mL), H2SO4 (12 M, 1.0 mL), H2O (2.0 mL), KI03 (0.150 g, 0.710 mmol) and 12 (0.379 
g, 1.49 mmol). The mixture was slowly heated to reflux. After 6 hours the reaction was cooled to 
room temperature and H2O (20 mL) was added to the cooled mixture (25 °C) and then the whole 
mixture was cooled in an ice/H20 bath. A dark brown solid was isolated (25 mg), which was 
unidentified by 'H NMR. It is believed that the starting material decomposed under the reaction 
conditions used — see section 2.2 (Chapter Two for further details). 
7.2.13 1,4-Bis-(3-(trimethylammonium)propoxy)benzene (134). 
Hd H 
Br 
132 
	
134 
1,4-Bis-(3-bromopropoxy)benzene (132, 0.752 g, 2.14 mmol) was suspended in 45% 
trimethylamine in H2O (10 mL), EtOH (10 mL) and acetone (15 mL). The suspension was heated 
to 130 °C. At 95 °C the suspension clarified and refluxing commenced shortly afterwards. The 
reaction was heated for a total of 18 hours. The solution was concentrated on the rotary evaporator 
to yield a solid, which was recrystallised from Et0H/Et20 (1:1) to give 134 (0.764 g, 76%) as a 
white crystalline solid; IR (Film) vmax/cm' 825 (Ar CH def.), 1060 (CO def.), 1226 (CN str.), 1378 
(CH def.), 1466 (CH def.), 2852 (CH str.); SH (270 MHz, d4-MeOD) 2.27 (4H, t, 3JH.H = 5.4 Hz, 
Ha), 3.20 (18H, s, Hb), 3.59 (4H, t, 3JH-H = 8.4 Hz, He), 4.06 (4H, 3 = 5.7 Hz, Hd), 6.90 (411, s, 
He); Sc (100.6 MHz, d4-MeOD) 24.5 (CO, 53.8 (Cg), 65.6 (Ch), 66.3 (CO, 116.7 (q), 154.5 (Ck); 
m/z (FAB, +ve) 389 (20%, [M-Br ); HRMS (FAB, +ve) Found: [M-Br , 389.1816. 
C18H34BrN202 requires: [M-Br ], 389.1798. 
7.2.14 1,4-Bis-(3-(trimethylammonium)propoxy)-2,5-dfiodobenzene (123). 
O~~NMe3 Br 	Or''''''"--'N''NMe3 Br
► 
Br 	 Br 
134 	 123 
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1,4-Bis-(3-(trimethylammonium)propoxy)benzene (134, 0.10 g, 0.21 mmol) was added to a 
mixture of glacial AcOH (10 mL), H2SO4 (12 M, 1.0 mL), H2O (2.0 mL), KI03 (0.0228 g, 0.106 
mmol) and 12 (0.0565 g, 223 mmol). The mixture was slowly heated to reflux. After 6 hours the 
reaction was cooled to room temperature and H2O (20 mL) was added to the cooled mixture (25 
°C) and then the whole mixture was cooled in an ice/H20 bath. A black solid was isolated 	11 
mg), which was unidentified by 1H NMR. It is believed that the starting material decomposed 
under the reaction conditions used — see section 2.2, Chapter Two for further details. 
7.2.15 1,4-Bis-(3-iodopropoxy)-2,5-diiodobenzene (133). 
OH 
OH 
	
I 
108 
	
133 
Impure 
A solution of 2,5-diiodhydroquinone (108, 0.500 g, 1.38 mmol), 1,3-diiodopropane (0.48 mL, 4.1 
mmol), K2CO3 (0.86 g, 6.2 mmol) and acetone (20 mL) were stirred at reflux for 24 hours during 
which time the reaction was deemed complete by TLC; Ri = 0.70 (100% CH2C12). K2CO3 was 
removed by filtration through celite (1 cm depth, 4 cm diameter in a sinter funnel) and the solvent 
was removed on the rotary evaporator. The resulting brown solid was taken up in CH2C12 (50 mL) 
and washed with H2O (3 x 30 mL), 3 M NaOH (3 x 30 mL), 3 M HC1 (3 x 30 mL) and brine (3 x 
30 mL) and dried over MgSO4. The solvent was removed in vacuo to yield a brown solid that was 
recrystallised from EtOAc and n-hexane (1:1, v/v) to yield crude 133 (0.611 g, 63%) as an off-
white solid. 1H NMR analysis indicated the presence of an impurity OH (270 MHz, CDC13) 4.1 
ppm), that could not be separated; this is discussed in Chapter Two, section 2.2. 
263 
He Br 
C Br Br 
Ha 
136 
Impure 
H2O 
Chapter Seven 	 Experimental Section 
7.2.16 Dibromomethyltriphenylphosphonium bromide (136)." 
CH2Cl2 
2 PPh3 + CBr4 	 Ph3PCBr3, Br + PPh3 
135 
Carbon tetrabromide [N.B. CBr4 must be a colourless solid; used as purchased from Sigma, purity 
= 99%] (8.6 g, 26 mmol) was added to a solution of triphenylphosphine (6.8 g, 26 mmol) in MeCN 
(35 mL). The solution was stirred for 15 minutes at room temperature. H2O (5 mL) was added to 
this resulting red-coloured mixture. After 15 minutes of vigorous stirring, the aqueous layer was 
separated with CH2C12. The organic layer was dried and evaporated at reduced pressure to yield a 
syrup. The salt was precipitated by addition of MeCN (5 mL). The yellow powder obtained was 
filtered, dried under vacuum and recrystallised from dry MeCN. The solution was filtered hot to 
give crude dibromomethyltriphenylphosphonium bromide (136, 8.12 g, 61%), as a yellow solid; SH 
(270 MHz, CDC13) 5.28 (1H, s, Ha), 7.67 — 7.84 (9H, m, Hb), 8.11 — 8.19 (6H, m, He). The material 
was not isolated cleanly. Unassigned signals: SH (270 MHz, CDC13) 10.29 (d, 3h-H = 2.5 Hz). See 
Chapter Two, section 2.2 for further details. 
7.2.17 1,4-Diethynylbenzene (106).12 
OHC CHO 
111 
	
106 
Under an argon atmosphere, 136 (2.06 g, 4.00 mmol) and t-BuOK (1.0 M in THF; 3.80 mL, 3.80 
mmol) were dissolved in THF (15 mL). The solution was stirred for a few minutes, and the 
aldehyde 111 (0.268 g, 2 mmol) was then added. After 10 minutes, t-BuOK (1.0 M in THF; 10 mL, 
10 mmol) was added at room temperature. The solution was quenched with saturated brine (30 
mL) and extracted twice with Et20 (30 mL). The organic layers were dried over Na2SO4 and 
concentrated. After the work-up, there was no evidence for the formation of the alkyne, as 
confirmed by the absence of resonances in the expected region ( 3.1 ppm). 
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7.2.18 1,4-Bis-(1,1,1-(trichloromethypbenzene methanol 4-methylbenzenesulphonate) (137). 
To a mixture of terthaldehyde (111, 2.00 g, 14.9 mmol) and CHC13 (4.77 mL, 59.6 mmol) was 
added dropwise under nitrogen, 1 equivalent of DBU (4.46 mL, 29.8 mmol). The reaction was 
stirred for 3 hours and cooled to 0 °C and a solution of p-toluenesulphonyl chloride (6.82 g, 35.8 
mmol) and triethylamine (2.2 mL, 30 mmol) in CHC13 (30 mL) was added dropwise. After 12 
hours the reaction was diluted with Et20 (50 mL) and washed with saturated NH4C1 (3 x 30 mL). 
The organic phase was dried over Na2SO4, filtered and evaporated to give a light-brown solid that 
was purified by recrystallisation from H2O twice to give 137 (4.50 g, 45%) as a tan-brown solid; 
full characterisation was not obtained as this route was not used to make bisalkyne 106 - see 
Chapter Two, section 2.2 for details. SH (270 MHz, CDC13) 2.33 (6H, s, Ha), 6.02 - 6.04 (2H, d, 
3JH.H = 6.2 Hz, Hb), 7.18 - 7.22 (4H, m, He), 7.40 - 7.43 (4H, d, 3JH_H = 6.9 Hz, Hd), 7.54 - 7.61 
(4H, dd, 341-11 = 10.1, 8.4 Hz, He). 
7.2.19 1,4-Diethynylbenzene (106).13 
137 
	
106 
To a stirred solution of 137 (1.50 g, 2.20 mmol) in THE (25 mL) at -10 °C was added 
methyllithium (6.20 mL of 1.6 M solution in Et20, 9.91 mmol) dropwise. The solution was 
warmed to 0 °C over 1 hour. The reaction was quenched with saturated ammonium chloride and 
diluted with n-hexane, and the layers were separated. The aqueous phase was extracted with n-
hexane (3 x 50 mL). The combined organic extracts were washed with brine and dried over 
anhydrous MgSO4 and filtered. Evaporation of the resulting orange solution afforded an orange 
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solid which was purified by chromatography (R f = 0.7, n-pentane:EtOAc, 1:1, v/v) to give 106 
(40.4 mg, 4.9%) as a pale yellow crystalline solid; full characterisation was not obtained as this 
route was not used to make bisalkyne 106 — see Chapter Two, section 2.2 for details. SH (270 MHz, 
CDC13) 3.16 (2H, s, Ha), 7.43 (4H, s, Hb). 
7.2.20 1,4-Bis-trimethylsilanylethynyl-benzene (138).14 
 
yHa 
Si 
 
109 
	
138 
1,4-Diiodobenzene (109, 3.01 g, 9.09 mmol) was coupled with TMSA (2.83 mL, 20.0 mmol) 
following the usual Pd/Cu protocol using Pd(PPh3)4 (0.114 g, 0.090 mmol), copper(I) iodide (40 
mg, 0.19 mmol), THE (25 mL) and diisopropylamine (5.10 mL, 36.4 mmol). The reaction was 
stirred at room temperature for 1.5 hours. Column chromatography (silica gel, using n-hexane as 
eluant) afforded the desired product, which was purified by recrystallisation from Me0H twice to 
give 138 (1.8 g, 73%) as colourless needle-shaped crystals; m.p. 120 — 121 °C (Lit. 122 — 125 
°C);14 OH (270 MHz, CDC13) 0.25 (18H, s, Ha), 7.38 (4H, s, Hb); Sc (100.6 MHz, CDC13) 0.28 (Ce), 
96.4 (Cd), 104.7 (Ce), 123.3 (Cf), 131.9 (Cg); m/z (CI, NH3) 271 (100%, [M+H]+); HRMS (CI, 
NH3) Found: [M+H]+, 271.1341. C16H23Si2 requires: [M+1-1]+, 271.5248. 
7.2.21 1,4-Diethynylbenzene (106).14 
 
	Si 
 
Ha 
  
138 
	
106 
The TMS-protected alkyne (138, 3.15 g, 11.6 mmol) and 6 equivalents of K2CO3 (9.66 g, 69.9 
mmol) were dissolved in Me0H (90 mL) and CH2C12 (90 mL). The reaction vessel was sealed with 
a rubber septum and then filled with nitrogen. The reaction was allowed to go to completion (3.5 
hours, by TLC) at which time it was quenched with a saturated solution of NaC1 (50 mL). The 
layers were separated and the aqueous layer was extracted with CH2C12 (3 x 40 mL). The 
combined organic layers were dried over MgSO4 and the solution was then filtered and 
concentrated on the rotary evaporator, to give 106 (1.41 g, 96%) which was purified by 
recrystallisation using Me0H to yield colourless needle-shaped crystals; Rf = 0.79 (n- 
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hexane:EtOAc, 3:1, v/v); SH (270 MHz, CDC13) 3.16 (2H, s, Ha), 7.43 (4H, s, Hb); Sc (100.6 MHz, 
CDC13) 78.0 (Ce), 82.0 (Cd), 121.6 (CO, 131.0 (Cf); m/z (CI, NH3) 126 (100%, [M]+), 144 (65%, 
[M+NH4]+; HRMS (CI, NH3) Found: [M+NH4]+, 144.0816. C10H10N requires: [M+NI-14]+, 
144.1926. Anal. Calcd. for C10H6: C, 95.21; H, 4.79. Found: C, 95.29; H, 4.68. 
7.2.22 PPE 143. 
A degassed solution of tetrakis-(triphenylphosphine)palladium(0), Pd(PPh3)4, (70 mg, 0.060 mmol) 
and copper(I) iodide (11 mg, 0.060 mmol) in a mixture of DMF/diisopropylamine (20 mL, 1:1, 
v/v) was added, via cannula, to a degassed solution of 114 (0.750 g, 1.92 mmol) and 1,4-
diethynylbenzene (106, 0.266 g, 2.11 mmol) in DMF (20 mL) contained in a Schlenk flask under 
argon. The resulting deep yellow (with blue fluorescence) solution was stirred at 50 °C for 24 
hours. The viscous solution was poured into Et20 (500 mL), which induced the polymer to 
precipitate. The light yellow polymer fibres formed were isolated by filtration and subsequently 
redissolved in THE (-- 20 mL) and precipitated again through addition of Et20 (500 mL). This 
reprecipitation procedure was repeated twice more, yielding crude PPE 143 (1.09 g) as a light 
yellow powder. SH (400 MHz, CDC13) 3.80 3H, s, Ha), 3.81 (— 3H, s, Hb), 6.87 — 6.96 (— 2H, m, 
HO, 7.36 — 7.65 (— 4H, m, Hd). 
The polymer was not isolated cleanly. Unassigned signals: 61i (400 MHz, CDC13) 3.51 (sep), 3.85 
(s), 7.95 (s), 8.28 (br s). See Chapter Two, section 2.3.1 for further details. 
7.2.23 PPE 144. 
PPE 144 
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A degassed solution of tetrakis-(triphenylphosphine)palladium(0), Pd(PPh3)4, (70 mg, 0.060 mmol) 
and copper(I) iodide (11 mg, 0.060 mmol) in a mixture of DMF/diisopropylamine (20 mL, 1:1, 
v/v) was added, via cannula, to a degassed solution of 140 (1.15 g, 2.00 mmol) and 1,4-
diethynylbenzene (106, 0.250 g, 2.00 mmol) in DMF (20 mL) contained in a Schlenlc flask under 
argon. The resulting deep yellow (with blue fluorescence) solution was stirred at 50 °C for 24 
hours. The viscous solution was poured into Me0H (500 mL), which induced the polymer to 
precipitate. The light yellow polymer fibres formed were isolated by filtration and subsequently 
redissolved in acetone (10 mL) and precipitated again by addition of Me0H (500 mL). This 
reprecipitation procedure was repeated twice more, to yield crude PPE 144 (0.607 g) as a light 
yellow powder. OH (270 MHz, CDC13) 3.65 — 3.73 (— 4H, m, Ha), 4.23 — 4.39 (— 4H, m, Hb), 6.91 —
7.06 (— 2H, m, He), 7.29 — 7.61 (— 4H, m, Hd). 
The polymer was not isolated cleanly. Unassigned signals: SH (270 MHz, CDCI3) 4.23 — 4.39 (m). 
See Chapter Two, section 2.3.1 for further details. 
7.2.24 1,4-Didecyloxybenzene (141).15.16 
0C101121 
145 
0C101-121 
141 
A mixture of 145 (1.00 g, 2.56 mmol), [bis(trifluoroacetoxy)iodo]benzene (148, 1.24 g, 2.88 
mmol), and 12 (0.681 g, 2.68 mmol) in CH2C12 (50 mL) was stirred at room temperature for 4 hours 
at which point the reaction mixture was then diluted with n-pentane (60 mL) and cooled in an ice/ 
H2O bath. As no precipitate formed, the solvents were removed in vacuo, to reveal a dark red/black 
residue. Suitable solvents for chromatography could not be identified — the following were tried; 
Et20, n-hexane, n-pentane, acetone, CH2C12. 1H NMR analysis of the crude material was not 
consistent with the expected structure (discussed further in Chapter Two, section 2.3.2). TLC (n-
hexane:Et20, 1:1, v/v) confirmed the presence of the starting material with at least two other 
unidentified products (R1= 0.78 (starting material), 0.70, 0.65). 
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132 
	
146 
146 was prepared using a previously described procedure; characterisation data correspond to 
literature values.15'16 
146: (24.0 g, 66%), a white solid, m.p. 87 — 88 °C (Lit. 86 — 87 °C);16 IR (Film) vmaa/cncl 721 (Ar 
CH def.), 1293 (CO str.), 1446, 1377 (CH def.), 2950, 2842 (CH str.); SH (400 MHz, CDC13) 0.90 
	
(6H, t, 3414; = 7.0 Hz, Ha), 1.30 (48H, m, 	1.50 (4H, m, Hb), 1.75 (4H, q, 341-14 = 8.0 Hz, Hb), 
3.90 (4H, t, 3.41-1 = 6.6 Hz, He), 6.80 (4H, s, HO; Sc (100.6 MHz, CDC13) 14.1 (Ce), 22.7, 26.0, 
29.4, 29.6, 29.7, 31.9 (Cf), 70.0 (C5), 115.4 (Ch), 153.2 (Ci); m/z (CI, NH3) 558 (75%, [M]+), 576 
(100%, [M+NHa]+); HRMS (CI, NH3) Found: [M+NH4]+, 576.5724, C38H74NO2 requires: 
[M+Nad, 576.9991; Anal. Calcd. for C38117002: C, 81.65; H, 12.62. Found: C, 81.54; H, 12.74. 
7.2.26 2,5-Diiodo-1,4-bis(n-hexadecyloxy)benzene (142).15 
protons = b 
carbons = f 
 
Ha  
  
OCi6H33 
	 O 
146 
	
142 
A mixture of 1,4-bis(n-hexadecyloxy)benzene (146, 2.50 g, 4.48 mmol), 
[bis(trifluoroacetoxy)iodo]benzene (147, 2.31 g, 5.37 mmol) and 12 (1.25 g, 4.92 mmol) in CH2C12 
(100 mL) was stirred at room temperature for 24 hours. The reaction mixture was then diluted with 
Me0H (60 mL) and cooled in an ice/H20 bath, which promoted the crystallisation of the product. 
Light pink crystals of the product were obtained after vacuum filtration. The product was washed 
with cold Me0H (40 mL) which furnished pure 2,5-diiodo-1,4-bis(n-hexadecyloxy)benzene (142, 
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1.61 g, 44%) as a light pink solid, m.p. 79 — 81 °C (Lit. 76 — 77 °C);15 IR (Film) vmax/cm-1 719 (Ar 
CH def.), 1216 (CO str.), 1377, 1461 (CH def.), 2855, 2927 (CH str.); 81.1 (400 MHz, CDC13) 0.88 
(6H, t, 3JH.H = 6.8 Hz, Ha), 1.20 — 1.40 (44H, m, Hb), 1.47 — 1.54 (8H, m, Hb), 1.77 — 1.83 (4H, m, 
Hb), 3.92 (4H, t, 3JH.H = 6.4 Hz, He), 7.17 (2H, s, Ha); Sc (100.6 MHz, CDC13) 14.1 (C,), 22.7, 26.0, 
29.2, 29.3, 29.4, 29.6, 29.7, 30.9, 31.9 (Cf), 70.4 (Cg), 86.3 (Ch), 122.8 (CO, 152.8 (q); m/z (CI, 
NH3) 684 (28%, [M-I] ), 810 (55%, [M] ); HRMS (CI, NH3) Found: [M] , 810.3303, C38H681202 
requires: [M], 810.3309; Anal. Calcd. for C38H68I202: C, 56.29; H, 8.45. Found: C, 56.38; H, 8.52. 
7.2.27 PPE 150. 
g  
Ha  
A Schlenk flask was oven-dried and then cooled to room temperature. The diiodo monomer 2,5-
diiodo-1,4-bis(n-hexadecyloxy)benzene (142, 0.219 g, 0.271 mmol), 1,4-diethynylbenzene (106, 
36 mg, 0.29 mmol), 4-iodotoluene (149, 12 mg, 0.060 mmol), tetrakistripehnylphosphine 
palladium (0) (Pd(PPh3)4, 25 mg, 0.022 mmol) and Cu(I)I (25 mg, 0.13 mmol) were added to the 
flask followed by distilled and degassed toluene (6 mL) and diisopropylamine (6 mL). The flask 
was closed under an argon atmosphere and the resulting mixture stirred at 55 °C for 70 hours. The 
reaction solution was then allowed to cool to room temperature and then poured cool Me0H (400 
mL) which induced the precipitation of polymer PPE 150 (re-precipitation was repeated twice; a 
representative yield is — 90%; a specific yield could not be determined due to storage conditions —
see Chapter Two, section 2.3.2, for details) as a light yellow solid which was stored as a solution in 
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toluene; note that the polymer cannot be redissolved after it has been recovered as a dry solid film 
by evaporation from a solution of a good solvent (e.g., CHCI3, CH2Cl2 or toluene). Thus, the 
material was stored as a stock solution in Me0H that was kept in the dark. To obtain NMR spectra 
in a deuterated solvent it was necessary to recover the polymer from the non-deuterated solvent as 
follows; a methanolic solution of the polymer was isolated by centrifugation and decanting. The 
resulting precipitate was then redissolved in the deuterated solvent for NMR analysis. 
Nevertheless, even using this procedure, it was not possible to obtain samples that were entirely 
free of non-deuterated solvent, and consequently some of the resonances in the NMR spectrum are 
partially obscured by resonances arising from the residual solvent (toluene signals were visible, at 
< 5% between 7.0 — 7.5 ppm). The partially-dried polymer samples were bright yellow solids; M„ 
(1H NMR) = 20.8 kDa (30 PE repeat units; see Chapter Two, section 2.3.2, for details); IR (Film) 
v. (CaF2 pellet)/cm-1 1215 (CO str.), 1377, 1462 (CH def.), 2853, 2922 (CH str.); 51-1 (400 MHz, 
CDC13) 0.87 (6H, m, Ha), 1.25 — 1.38 (44H, m, Hb), 1.54 (8H, br m, Hb), 1.86 (4H, br m, Hb), 2.38 
(6H (end group), br s, He), 4.04 (4H, br m, Hd), 7.01 (2H, br s, He), 7.50 (4H, br s, Hf); Sc (100.6 
MHz, CDC13) 14.1 (Cg), 22.7, 26.1, 29.4, 29.7, 31.9 (Ch), 131.5 (C1), 153.7 (C). Absorbance ?.max 
(in THF, 0 wt.% Triton): 418 nm; emission ?max  (in THF, 0 wt.% Triton): 445 nm. 
7.2.28 1,4-Bis(2-bromoethoxy)benzene (152).17 
0 
	
O 
 
 
() OH 
151 
Hb 152 
152 was prepared using a previously described procedure; characterisation data correspond to 
literature values.]' 
152: (14.7 g, 89%) as white needle-shaped crystals; Rf = 0.54 (n-hexane:EtOAc, 5:1, v/v); m.p. 113 
— 114 °C (Lit. 112 — 114 °C);17 IR (Film) vmaa/cm-1 730 (Ar CH def.), 1231 (CO str.), 1461, 1377 
(CH def.), 2924, 2854 (CH str.); SH (400 MHz, CDC13) 3.54 (4H, t, 3JH.H = 6.3 Hz, Ha), 4.18 (4H, t, 
34-H = 6.3 Hz, Hb), 6.80 (2H, s, He); Sc (100.6 MHz, CDC13) 29.3 (Cd), 68.8 (Ce), 116.1 (Cf), 152.9 
(C8); m/z (CI, NH3) 322 (51%, [M+H (79Br2)]+), 324 (100%, [M+H]+, (79Br, 81Br)), 326 (47%, 
[M+H (81Br2)]+);  HRMS (CI, NH3) Found: [M(81Br2)]+, 325.9163. CI0H1081Br202 requires: 
[M(81Br2)f, 326.2036. Found: [M(81Br79Br)]+, 323.9184. C10H1081Br79BrO2 requires: 
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[M(81Br79Br)]+, 324.2036. Found: [M(7913r2)]+, 321.9204. C1oH1079Br202 requires: [M(79Br2)]+, 
322.2036. 
7.2.29 2,5-Diiodo-1,4-bis(2-bromoethoxy)benzene (140)." 
O 
 
 
(3 Br 
Hb 
152 
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140 was prepared using a previously described procedure; characterisation data correspond to 
literature values.17 
140: (10.36 g, 84%) as white needle-shaped crystals; Rf = 0.63 (n-hexane:EtOAc, 8:1, v/v); m. p. 
140 — 143 °C (Lit. 140 — 142 °C);17 IR (Film) vmax/cm-1 722 (Ar CH def.), 1218 (CO str.), 1461, 
1377 (CH def.), 2952, 2859 (CH str.); SH (400 MHz, CDC13) 3.59 (4H, t, 3./H_H = 6.4 Hz, Ha), 4.20 
(4H, t, 3JH_H = 6.3 Hz, Hb), 7.15 (2H, s, He); Sc (100.6 MHz, CDC13) 28.5 (Cd), 70.4 (Ce), 86.7 (Cf), 
124.0 (Cg), 153.8 (Ch); m/z (CI, NH3) 574 (51%, [M+H (79Br2)]+),  576 (100%, [M+H]+, (79Br, 81Br) 
100%), 578 (50%, [M+H (81Br2)]+);  HRMS (CI, NH3) Found: [M(81Br2)]+, 577.7096. 
C10H1081Br2I202 requires: [M(81Br2)]+, 577.9968. Found: [M(81Br79Br)]+, 575.7117. 
Cl0H1081Br79BrI202 requires: [M(81Br79Br)]+, 575.9968. Found: [M(79Br2)]+,  573.7137. 
C101-11079Br21202 requires: [M(79Br2)], 573.9968. 
7.2.30 1,4-Bis-(3-(trimethylammonium)ethoxy)benzene (153). 
^,NMe3 Br 
0 
2,5-Diiodo-l,4-bis(2-bromoethoxy)benzene (140, 5.33 g, 7.66 mmol) was suspended in 45% 
trimethylamine in H2O (50 mL), EtOH (40 mL) and acetone (40 mL). The suspension was heated 
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to 130 °C at which point the suspension clarified giving a pale yellow homogeneous solution 
which was refluxed for a total of 18 hours. The solution was concentrated on the rotary evaporator 
to yield a solid, which was recrystallised from EtOH/Et20 (1:1, v/v) to give 153 (5.54 g, 64%) as a 
white crystalline solid; Rf = 0.16 (100% EtOH, on neutral Alumina plates); m.p. 289 — 291 °C; IR 
(Film) vmaa/cm-1 722 (Ar CH def.), 1198 (CO str.), 1305 (CN str.), 1461, 1377 (CH def.), 2922, 
2853 (CH str.); 6H (400 MHz, d6-DMSO) 3.24 (18H, s, Ha), 3.84 (4H, m, Hb), 4.49 (4H, m, He), 
7.50 (2H, s, Hd); Sc (100.6 MHz, d6-DMSO) 53.3 (Ce), 63.3 (CO, 64.0, (Cg), 86.3 (Cb), 122.5 (C,), 
151.9 (Ci); m/z (FAB, +ve) 613 (45%, [M - 81BrY), 615 (43%, [M - 79Bri); HRMS (FAB, +ve) 
Found: [M - H - 79Br ]+, 614.9403. C16H3381BrI2N2O2 requires: [M - H - 79Bri, 614.0944; Found: 
[M - H - 8IBrY, 612.9424. C16H3379BrI2N202 requires: [M - H - 81BrY, 612.0964; Anal. Calcd. for 
C16H28Br212N202: C, 27.69; H, 4.07; N, 4.04. Found: C, 27.74; H, 3.98; N, 4.03. 
7.2.31 2,5-Bis-(phenylethyny1)-1,4-bis(2-trimethylammonium ethoxy)benzene, bromide salt (PE 
154). 
Br 
O 
Me3 Br 
153  
Br Me2N h 
)g 
Ha  
PE 154 
A mixture of 1,4-bis-(3-(trimethylammonium)ethoxy)benzene (153, 0.700 g, 1.00 mmol), 
phenylacetylene (0.360 mL, 3.32 mmol), tetrakis-(triphenylphosphine) palladium(0), Pd(PPh3)4, 
(104 mg, 90.0 imol), copper (I) iodide (17 mg, 90 µmop and diisopropylamine (5 mL) in a 
Me0H/H20 mixture (40 mL, 4:1, v/v), was refluxed for 24 hours under argon with stirring. After 
this time, the yellow-green reaction mixture was then filtered through a short pad of celite (1 cm 
depth, 4 cm diameter in a sinter funnel), the solvents removed under reduced pressure, and the 
remaining solid was crystallised from Me0H, to furnish PE 154 (0.753 g, 75%) as a white 
crystalline solid; Rf = 0.36 (100% EtOH, on neutral Alumina plates); m.p. 303 — 305 °C; IR (Film) 
vmax/cnil 722 (Ar CH def.), 1212 (CO str.), 1461, 1377 (CH def.), 1594 (C=N str.), 2959, 2860 
(CH str.); Sri (400 MHz, d6-DMSO) 3.25 (18H, br s, Ha), 3.86-3.88 (4H, m, Hb), 4.59 (4H, m, He), 
7.38 (2H, s, HO, 7.46-7.47 (6H, m, He), 7.53-7.55 (4H, m, Hf); Sc (100.6 MHz, d6-DMSO) 53.2 
(Cg), 62.8 (Ch), 63.9 (C,), 85.5 (Ci), 95.0 (Ck), 112.8 (CI), 116.7 (Cm), 121.9 (Cn), 128.8 (Co), 128.9 
(Cr), 131.1 (Cq), 152.1 (Cr); m/z (FAB, +ve) 467 (70%, [M-Br2-Me]+); Anal. Calcd. for 
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C32H38Br2N2O2.6H2O: C, 51.21; H, 6.71; N, 3.73. Found: C, 51.21; H, 5.65; N, 3.74. Absorbance 
,max (in unbuffered H2O): 351 nm; emission Xmax (in unbuffered H2O): 391 nm. 
7.2.32 PPE 155. 
0 J_NMe3 Br 
153 	 106 	 PPE 155 
1,4-Bis-(3-(trimethylammonium)ethoxy)benzene (153, 1.10 g, 1.59 mmol) and 1,4-
diethynylbenzene (106, 0.211 g, 1.67 mmol) were dissolved in a mixture of H2O and DMF (16 mL, 
1:1, v/v) at 50 °C in an argon-purged Schlenk flask with magnetic stirring. The resulting clear 
solution was deoxygenated by three cycles of the freeze-pump-thaw technique. The catalysts —
consisting of tetrakis-(triphenylphosphine) palladium(0), Pd(PPh3)4, (55 mg, 48 µmop and copper 
(I) iodide (9.0 mg, 48 µmot) in a mixture of diisopropylamine and DMF (10 mL, 1:1, v/v) — were 
deoxygenated as described above and quickly added to the former solution by means of a cannula. 
The final mixture was deoxygenated using three freeze-pump-thaw cycles and was then warmed to 
50 °C and stirred under a positive pressure of argon for 30 hours. The resulting solution was 
viscous and bright yellow in colour and exhibited an intense blue fluorescence when illuminated 
with a near-UV lamp (excitation wavelength at 254 nm). The solution was cooled to room 
temperature and then slowly added to a cold 0 °C) solution of Me0H (200 mL) which prompted 
the precipitation of the polymer as a yellow fibre-like material. The product was re-dissolved in 
H2O (15 mL), treated with Na2S (0.100 g, 1.28 mmol), and then the solution was filtered through 
quantitative filter paper, followed by a 10 — 20 gm fitted glass filter, and finally through a 0.8 pm 
nylon membrane. The polymer was dissolved in H2O and reprecipitated into Me0H twice more to 
give PPE 155 (0.637 g, 71%) as a light yellow solid; GPC (DMF, PS Standards): Mn = 7500 Da, 
(see Chapter Three, section 3.1 for detail); IR (Film) vmax/cm-1 722 (Ar CH def.), 1155 (CO str.), 
1461, 1377 (CH def.), 2924, 2854 (CH str.); SH (400 MHz, d6-DMSO) 3.25 (18H, br s, Ha), 3.82 —
3.85 (4H, m, Hb), 4.49 — 4.61 (4H, m, He), 7.31 — 7.36 (6H, m, Hd + He). Due to the limited 
solubility of the polymer only a partial 13C NMR spectrum was acquired; Sc (100.6 MHz, d6-
DMSO) 53.3 (CO, 63.3 (Cg), 64.0 (CO, 86.4 (Ci), 122.5 (Ci), 151.9 (Ck). Anal. Calcd. for 
C26H32Br2N202.23H20: C, 31.91; H, 8.03; N, 2.86. Found: C, 31.72; H, 4.41; N, 3.70. Absorbance 
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max (in unbuffered H20): 374 nm; emission ?max  (in unbuffered H20): 430 nm. DSC showed 
decomposition. 
7.2.33 2,5-Diiodo-1,4-bis((N,N'-dimethylisothiouronium)ethoxy)benzene bromide (159). 
Ha  
2,5-Diiodo-l,4-bis(2-bromoethoxy)benzene (140, 5.00 g, 8.72 mmol) was added to a stirred 
solution of 1,3-dimethylthiourea (170, 22.7 g, 218 mmol) in a mixture of dry Me0H (70 mL) and 
dry MeCN (70 mL) under a nitrogen atmosphere. The reaction solution was stirred for 24 hours at 
80 °C and then the solvent was concentrated to about 10% of the original volume. MeCN (100 mL) 
was added and the solid that precipitated was collected at the pump. The white flaky material was 
recrystallised from H2O to yield 159 (5.41 g, 79%) as a shiny white material, m.p. 250 — 251 °C; IR 
(Film) vmax/cm-1 723 (Ar CH def.), 1211 (CO str.), 1460, 1378 (CH def.), 1622 (C=N str.), 2921, 
2855 (CH str.), 3423 (NH str.); SH (270 MHz, d6-DMSO) 2.93 — 3.00 (12H, m, Ha), 3.63 — 3.67 
(4H, m, Hb), 4.24 — 4.28 (4H, m, He), 7.38 (2H, s, Hd), 9.15 (4H, br s, He); Sc (100.6 MHz, d6-
DMSO) 30.7 — 31.0 (Cf), 67.6 (Cg), 86.8 (Ch), 122.8 (C1), 151.9 (Ci), 166.4 (CO; m/z (FAB, +ve) 
703 (30%, ) 705 (30%, [M-79BrY); HRMS (FAB, +ve) Found: [M—H-79BrY, 
704.8750. C16H2581BrI2N402S2 requires: [M—H-79Bri, 704.3700. Found: [M—H-81Bri, 702.8770. 
C16H2579BrI2N402S2 requires: [M—H-81Br]+, 702.3700; Anal. Calcd. for C16H26Br2I2N402S2: C, 
24.51; H, 3.34; N, 7.14. Found: C, 24.50; H, 3.41; N, 6.98. 
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7.2.34 2,5-Bis-(phenylethyny1)-1,4-bis(2-(N,N'-dimethylisothiouronium) ethoxy)benzene, 
bromide salt (PE 162). 
A solution of 159 (0.600 g, 0.78 mmol), phenylacetylene (0.281 mL, 2.56 mmol), tetrakis-
(triphenylphosphine) palladium(0) (90 mg, 78 µmop, copper-(I) iodide (15 mg, 79 µmop, and 
diisopropylamine (5 mL) in DMF (50 mL), was stirred for 67 hours under argon at 20 °C. 
Evaporation of the solvents in vacuo gave a dark residue. Addition of Me0H (— 10 mL) to this 
residue led to the formation of a turbid solution after heating and a brown oil then separated. The 
oil was filtered off and the remaining solvent allowed to cool, revealing a yellow precipitate (213 
mg). Analysis of the oil and yellow precipitate by NMR was inconclusive — both remained 
unidentified. Unassigned signals: SH (270 MHz, d6-DMSO) 1.19 — 1.21 (m), 1.46 (br m), 2.20 (br 
m), 2.73 (s), 4.05 — 4.12 (m). These data were also recovered when different solvents were used 
(MeOH, Me0H/H20 (7:3, v/v), DMSO) at different temperatures (20 — 100 °C) and over different 
time periods (20 — 67 h). See section 3.2 Chapter Three, for further details. 
7.2.35 2,5-Diiodo-1,4-bis((N,N'-dimethylisothiourea)ethoxy)benzene (161). 
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2,5-Diiodo-1,4-bis((N,N'-dimethylisothiouronium)ethoxy)benzene bromide, 159, (2.60 g, 3.32 
mmol) was dissolved in hot H2O (95 °C, 400 mL). To the vigorously stirred solution was added 2.0 
M NaOH (3.5 mL) which resulted in the formation of 161 (1.46 g, 71%) as an off-white precipitate 
which was filtered under vacuum, m.p. 140 — 141 °C; IR (Film) vmax/cm-1 853 (Ar CH def.), 1212 
(CO str.), 1458, 1378 (CH def.), 1612 (C=N str.), 2922, 2853 (CH str.), 3232 (NH str.); SH (270 
MHz, CDC13) 2.80 — 3.09 (12H, br s, Ha), 3.28 (4H, t, 3./H.H = 6.2 Hz, Hb), 4.14 (4H, t, 341.H = 6.2 
Hz, HO, 7.28 (2H, s, Hd); 6c (100.6 MHz, CDC13) 31.7 (Ce), 70.2 (Cf), 86.3 (Cg), 123.7 (Ch), 152.8 
(CO, 172.5 (CO; m/z (CI, NH3) 519 (35%, [M-SC(NMe)(NHMe)l+); Anal. Calcd. for 
C16H2412N402S2: C, 30.88; H, 3.89; N, 9.00. Found: C, 31.05; H, 3.61; N, 8.74. 
7.2.36 2,5-Bis-(phenylethyny1)-1,4-bis(2-(N,N'-dimethylisothiouronium) ethoxy)benzene, 
bromide salt (PE 163). 
0 NH 
S_
/-0 
161 	 NH 	 HN- 	 PE 163 
/  
A solution of 161 (0.121 g, 0.194 mmol), phenylacetylene (0.071 mL, 0.65 mmol), tetrakis-
(triphenylphosphine) palladium(0) (45 mg, 39 smol), copper-(I) iodide (8.0 mg, 42 µmop, and 
diisopropylamine (2 mL) in DMSO (10 mL), was stirred for 65 hours under argon at 30 °C. 
Evaporation of the solvents in vacuo gave a dark yellow residue. Analysis of the residue by 11-1.  
NMR indicated that the desired molecule was not present — the residue remained unidentified. 
Unassigned signals: 6H (270 MHz, d6-DMSO) 7.25 — 7.80 (Ar-H, br m). See Chapter Three, 
section 3.2 for further details. 
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7.2.37 2,5-Diiodo-1,4-bis((N,N'-dimethylisothiouronium)ethoxy)benzene tetraphenyl borate 
(160). 
N—H _ 	 N—H 
0,„---,,,,„„-S—(+ 	Br 
N—H 	 N—H 
159 
2 • 
2,5-Diiodo-1,4-bis((N,N'-dimethylisothiouronium)ethoxy)benzene bromide (159, 2.60 g, 3.32 
mmol) was dissolved in Me0H (200 mL) at 80 °C and the solution filtered through a pad of celite 
(1 cm depth, 4 cm diameter in a sinter funnel). To the filtrate was added tetraphenyl borate (an 
excess, — 5 g) which resulted in the formation of 160 (2.58 g, 62%) as a white precipitate which 
was recrystallised from acetone/H20 (9:1, v/v), m.p. 211 — 212 °C; IR (Film) vmax/cm-1 740, 712 
(Ar CH def.), 1294 (CO str.), 1462, 1378 (CH def), 1622, 1538 (C=N str.), 2923, 2855 (CH str.), 
3231 (NH str.); SH (270 MHz, CDC13) 2.91 — 3.00 (12H, br m, Ha), 3.59 — 3.63 (4H, br m, Hb), 4.24 
— 4.28 (4H, br m, He), 6.79 — 6.81 (8H, m, Hd), 6.90 — 6.95 (16H, m, He), 6.95 — 7.18 (16H, m, Hf), 
7.42 (2H, s, Hg), 9.08 (4H, br s, Hh); m/z (FAB, +ve) 623 (70%, [M-2(BP114)] ), 943 (50%, [M-
(BPh4)]+); HRMS (FAB, +ve) Found: [M]+, 943.1271, C40H4611BI2N402S2 requires: M, 943.5677. 
7.2.38 2,5-Bis-(phenylethyny1)-1,4-bis(2-(N,N'-dimethylisothiouronium) ethoxy)benzene, 
tetraphenyl borate salt (PE 164). 
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A solution of 160 (0.450 g, 0.356 mmol), phenylacetylene (0.130 mL, 1.18 mmol), tetrakis-
(triphenylphosphine) palladium(0) (80 mg, 69 umol), copper-(I) iodide (14 mg, 74 µmop, and 
diisopropylamine (5 mL) in DMF (20 mL), was stirred for 30 hours under argon at 20 °C. 
Evaporation of the solvents in vacuo gave a dark residue (-100 mg). Column chromatography 
(acetone and 10%, NH3 in H2O) was used to separate the two fractions that were observed by TLC 
(R f = 0.80, 0.11, 100% CH2C12). Analysis of both fractions by 1 TI NMR was inconclusive. 
Unassigned signals: 6H (270 MHz, CDC13) 0.85 - 1.39 (m), 1.41 - 2.17 (m), 2.50 (br s), 2.90 -
3.88 (br m), 6.70 - 7.70 (m), 7.95 (s). See Chapter Three, section 3.2 for further details. 
7.2.39 2,5-Diiodo-1,4-bis(N,N'-di-(tert-butoxycarbony1)-1,3-dimethyl-2-thiourea ethoxy)benzene 
(168). 
To a cooled solution (ice/H20 bath) of 161 (0.500 g, 0.803 mmol) in dry THE (40 mL) under 
argon, was added NaH (0.309 g, 12.9 mmol, 60% in mineral oil). After 5 minutes, the ice bath was 
removed and the reaction was stirred 10 minutes at room temperature. Then, the reaction mixture 
was cooled to 0 °C and di-tert-butyldicarbonate (1.05 g, 4.82 mmol) was added. After 30 minutes, 
the ice bath was removed and the reaction mixture was stirred for another 19 hours at room 
temperature. The reaction was carefully quenched by the dropwise addition of a saturated NaHCO3  
solution (60 mL). The mixture was poured into H2O (200 mL) and the aqueous layer was extracted 
with EtOAc (3 x 60 mL). The combined organic phases were washed with brine, dried over 
MgSO4, filtered and the solvent removed under reduced pressure to give crude 168 as an impure 
off-white precipitate. Purification of 168 was attempted by flash column chromatography (silica 
gel, 100% CHC13); two bands were visible during the column however they coalesced as they 
travelled down the column (2 bands, Rf = 0.20 + 0.23); A light yellow solid (0.35 g) was isolated; 
SH (270 MHz, CDC13) 1.43 - 1.46 (18H, br s, Ha), 2.97 (6H, s, Hb), 3.14 (6H, s, He), 3.18 - 3.28 
(4H, m, Hd), 4.09 - 4.18 (4H, m, He), 7.36 (2H, S, Hf). 
The material was not isolated cleanly. Unassigned signals: SH (270 MHz, CDC13) 4.09 (m), 7.18 
(s). See Chapter Three, section 3.2 for further details. 
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7.2.40 2,5-Bis-(phenylethyny1)-1,4-bis(N,N'-di-(tert-butoxycarbony1)-1,3-dimethyl-2-thiourea 
ethoxy)benzene (PE 169). 
0_// 
0s2 	 NBoc 
 
 
 
NBoc 
168 
Impure 
 
A solution of 168 (0.288 g, 0.350 mmol), phenylacetylene (0.154 mL, 1.40 mmol), tetrakis-
(triphenylphosphine) palladium(0), Pd(PPh3)4, (80 mg, 69 gmol), copper-(I) iodide (13 mg, 68 
µmop, and diisopropylamine (2 mL) in toluene (10 mL), was stirred for 20 hours under argon with 
stirring at 20 °C. The reaction mixture was then filtered through a glass sinter funnel, the solvents 
removed in vacuo and the remaining solid was recrystallised from n-hexane, to give crude PE 169 
(0.091 g) as a brown-beige solid. Rf = 0.09, 0.40, 0.80 (100% n-hexane); SH (400 MHz, CDC13) 
1.49 (18H, s, Ha), 2.97 (6H, s, Hb), 3.14 (6H, s, He), 3.30 — 3.32 (4H, m, Hd), 4.23 — 4.28 (4H, m, 
He), 7.23 (2H, s, Hf), 7.34 — 7.35 (6H, m, Hg), 7.54 — 7.56 (4H, m, Hh). 
The material was not isolated cleanly. Unassigned signals: 81.1 (400 MHz, CDC13) 3.09 (s), 3.20 (s), 
3.27 (m), 4.22 (m). See Chapter Three, section 3.2 for further details. 
7.2.41 N,N'-Di-(tert-butoxycarbony1)-1,3-dimethy1-2-thiourea (171). 
1 I ./.1„,_„e H  
11TH 	NgNf0 \c a dL
Hb 
To a cooled (ice/H20 bath) solution of 1,3-dimethyl-2-thiourea (170, 1.00 g, 9.60 mmol) in dry 
THE (70 mL) under argon, was added NaH (1.70 g, 72.0 mmol, 60% in mineral oil). After 5 
minutes, the ice/H20 bath was removed and the reaction was stirred for 10 minutes at room 
temperature. Then, the reaction mixture was cooled to 0 °C and di-tert-butyldicarbonate (4.60 g, 
21.1 mmol) was added. After 30 minutes, the ice bath was removed and the reaction mixture was 
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stirred for another 19 hours at room temperature. The reaction was quenched carefully, drop-by-
drop, with a saturated NaHCO3 solution (60 mL). The mixture was poured into H2O (200 mL) and 
the aqueous layer was extracted with EtOAc (3 x 60 mL). The combined organic phases were 
washed with brine, dried over MgSO4, filtered and the solvent removed under reduced pressure. 
The resultant yellow-orange residue was purified by flash column chromatography (silica gel, 
100% CH2C12) to give the protected thiourea 171 (2.09 g, 72%) as a light yellow oil, Rf = 0.65 
(silica gel, 100% CH2C12); IR (Film) v,,,,„/cm-1 1134, 1279, 1326 (CS str.), 1460 (CH def.), 1726 
(C=O str.), 2935, 2979 (CH str.); 6H (270 MHz, CDC13) 1.45 (18H, s, Ha), 3.46 (6H, s, Hb); Sc  
(100.6 MHz, CDC13) 27.9 (Ce), 39.5 (Cd), 83.3 (Ce), 151.1 (Cf), 191.2 (Cg); m/z (CI, NH3) 304 
(65%, [M]+), 305 (100%, [M+11]+); HRMS (CI, NH3) Found: [M+H]+, 305.1527, C13H25N204S 
requires: [M+H], 305.4136. 
7.2.42 2,5-Diiodo-1,4-bis(N,N'-di-(tert-butoxycarbony1)-1,3-dimethyl-2-thiouronium 
ethoxy)benzene, bromide salt (172). 
2,5-Diiodo-1,4-bis(2-bromoethoxy)benzene (140, 0.100 g, 0.174 mmol) was added to a stirred 
solution of 171 (0.530 g, 1.74 mmol) in dry MeCN (20 mL) under a nitrogen atmosphere. The 
reaction solution was stirred for 48 hours at 85 °C and then the solvent was concentrated to about 
10% of the original volume. MeCN (10 mL) was added and the solid that precipitated was 
collected at the pump. There was > 95% recovery of starting material, with no evidence for the 
desired target by I H NMR. 
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7.2.43 2,5-Diiodo-1,4-bis(/V,AP-bis-tent-butoxycarbonylthiourea ethoxy)benzene (174). 
To a cooled (ice/H20 bath) solution of 173 (0.276 g, 0.999 mmol) in dry THE (20 mL) under 
argon, was added NaH (0.350 g, 14.6 mmol, 60% in mineral oil). After 5 minutes, the ice//H20 
bath was removed and the reaction was stirred for 10 minutes at room temperature. Then, the 
reaction mixture was cooled to 0 °C and 140 (0.251 g, 0.436 mmol) was added. After 30 minutes, 
the ice bath was removed and the reaction mixture was stirred for another 19 hours at room 
temperature before being carefully quenched by the dropwise addition of a saturated NaHCO3  
solution (60 mL). The mixture was poured into CH2C12 (40 mL) and the aqueous layer was 
extracted with CH2C12 (3 x 30 mL). The combined organic phases were washed with brine, dried 
over MgSO4, filtered and the solvent removed under reduced pressure to give 174 (0.404 g, 96%) 
as an off-white solid; SH (400 MHz, CDC13) 1.52 (36H, s, Ha), 3.65 (4H, t, 3JH.H = 6.3 Hz, Hb), 4.27 
(4H, t, 3JH.H = 6.3 Hz, He), 7.22 (2H, s, Hd). 
7.2.44 2,5-Bis-(phenylethyny1)-1,4-bis(24/V,N'-dimethylisothiouronium) ethoxy)benzene, 
bromide salt (PE 175). 
H2N Br 
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A solution of 174 (0.193 g, 0.200 mmol), phenylacetylene (0.10 mL, 0.80 mmol), tetrakis-
(triphenylphosphine) palladium(0) (63 mg, 90 p.mol), copper-(I) iodide (10 mg, 90 µmop, and 
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diisopropylamine (5 mL) in toluene (5 mL), was stirred for 20 hours under argon at 20 °C. The 
crude product was recrystallised from EtOH and after filtration gave PE 175 (93 mg, 69%) as a 
white crystalline solid; SH (270 MHz, CDC13) 3.69 (4H, t, 3./H_H = 6.4 Hz, Ha), 4.37 (4H, t, 341-n = 
6.4 Hz, Hb), 7.04 (2H, s, H0), 7.34 - 7.36 (6H, m, Hd), 7.54 - 7.57 (4H, m, HO;  Sc (100.6 MHz, 
CDC13) 28.9 (Cf), 69.8 (Cg), 85.0 (Ch), 95.7 (Ci), 97.3 (CO, 114.9 (Ck), 118.4 (CI), 123.1 (Cu), 
128.4 (Co), 128.6 (Co), 131.7 (Cr), 153.3 (Cq). Absorbance kmax (in CHC13, 0 wt.% Triton): 354 nm; 
emission X.olax (in CHC13, 0 wt.% Triton): 410 nm. 
7.2.45 2,5-Diiodo-1,4-bis(1,3-bis(tert-butoxycarbonyl)guanidine ethoxy)benzene (177). 
NaH (0.350 g, 14.6 mmol, 60% dispersion in mineral oil) was added in small portions to a 
suspension of 176 (0.518 g, 2.00 mmol) in anhydrous THE (20 mL) at -45 °C under an argon 
atmosphere. After the addition was complete, the mixture was allowed to stir for 1 hour at -45 °C. 
Then, 2,5-diiodo-1,4-bis(2-bromoethoxy)benzene, 140, (0.500 g, 0.868 mmol) was added, and the 
mixture was allowed to warm to room temperature and stir overnight (18 hours). The solvent was 
evaporated in vacuo, and the residue was dissolved in a mixture of CH2C12 (50 mL) and NaHCO3  
(25 mL). The phases were separated and the aqueous layer was extracted with CH2C12 (2 x 50 mL). 
The extracts were combined, washed with 1 N HC1 and H2O, and dried over MgSO4. Filtration and 
evaporation of the solvent, gave 177 (0.75 g, 93%) as a white crystalline solid; SH (400 MHz, 
CDC13) 1.51 (36H, s, Ha), 3.65 (4H, t, 3JH_H = 6.4 Hz, Hb), 4.26 (4H, t, 	= 6.4 Hz, 	7.22 
(2H, s, Hd). 
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7.2.46 2,5-Bis-(phenylethyny1)-1,4-bis(2-(1,3-bis(tert-butoxycarbonyl)guanidine) 
ethoxy)benzene (PE 178). 
A solution of 177 (0.300 g, 0.322 mmol), phenylacetylene (0.121 mL, 1.10 mmol), tetrakis-
(triphenylphosphine) palladium(0) (63 mg, 55 wol), copper-(I) iodide (10 mg, 53 µmop and 
diisopropylamine (5 mL) in DMF (5 mL) was stirred for 20 hours under argon. The crude product 
was tritiated using EtOH and after filtration gave crude PE 178 (30 mg) as a light-yellow solid. SH 
(270 MHz, CDC13) 3.68 — 3.72 (4H, m, 11.), 4.34 — 4.39 (4H, m, Hb), 7.04 (2H, s, He), 7.32 — 7.38 
(6H, m, Hd), 7.52 — 7.58 (4H, m, He). 
The material was not isolated cleanly. Unassigned signals: SH (270 MHz, CDC13) 3.48 (m), 4.37 
(m), 7.04 (s). See Chapter Three, section 3.2 for further details. 
7.2.47 PPE 179. 
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A solution of monomer 177 (0.300 g, 0.322 mmol), 1,4-diethynylbenzene (106, 43 mg, 0.38 mmol) 
and 4-iodotoluene (149, 14 mg, 0.064 mmol) were dissolved in DMF (8 mL) at 50 °C in an argon-
purged Schlenk flask with magnetic stirring. The resulting clear solution was deoxygenated by 
three cycles of the freeze-pump-thaw technique. The catalysts — consisting of tetrakis-
(triphenylphosphine) palladium(0), Pd(PPh3)4, (35 mg, 30 !mop and copper (I) iodide (35 mg, 180 
.tmol) in a mixture of diisopropylamine and DMF (12 mL, 1:1, v/v) — were deoxygenated as 
described above and quickly added to the former solution by means of a cannula. The final mixture 
was deoxygenated again by three cycles of the freeze-pump-thaw technique and was then warmed 
to 50 °C and stirred under a positive pressure of argon for 90 hours. The resulting solution was 
viscous and bright yellow in colour and exhibited an intense blue fluorescence when illuminated 
with a near-UV lamp (excitation wavelength at 254 nm). The solution was cooled to room 
temperature and then slowly added to a cold (— 0 °C) solution of THF (800 mL) which prompted 
the precipitation of the polymer as yellow fibres. The product was re-dissolved in H2O (50 mL) 
and then the solution was filtered through quantitative filter paper. The polymer was dissolved in 
H2O and reprecipitated into THF once more to give crude PPE 179 as a light yellow solid; SH (400 
MHz, CDC13) 2.38 (6H, s, Ha), 3.06 — 3.09 (4H, m, Hb), 3.96 — 3.99 (4H, m, He), 7.02 — 7.06 (2H, 
m, Hd), 7.48 — 7.54 (4H, m, He). 
This material was not isolated cleanly. Unassigned signals: SH (400 MHz, CDC13) —1.05 (br m), 
2.88 — 2.98 (br m), 4.19 (br m), 4.33 (br m). See Chapter Three, section 3.2 for further details. 
7.2.48 1,4-Bis[2-(2-hydroxyethoxy)ethoxy]-2,5-diiodobenzene (180).6'18 
OH 	 O C) OH 
108 
	
180 
A solution of 1,4-dihydroxy-2,5-diiodobenzene (108, 6.50 g, 18.0 mmol) in dry DMF (15 mL) was 
added over 30 minutes to a stirred suspension of K2CO3 (20.0 g, 144 mmol) in dry DMF (40 mL) 
under nitrogen. After an additional 30 minutes, a solution of 2-(2-chloroethoxy)ethanol (7.6 g, 72 
mmol) was added dropwise over 10 minutes, and the temperature was raised to 75 °C. The 
resulting mixture was heated and stirred under argon. The reaction was followed by TLC (n-
hexane/EtOAc, 1:1, v/v) and was deemed complete after 6 days. After cooling to room 
temperature, the reaction mixture was filtered and the residue was washed with DMF (20 mL). The 
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solvent was removed in vacuo and the residue was partitioned between CH2C12 (50 mL) and brine 
(25 mL). The pH was adjusted to — 2 with 0.1 M HC1, and the aqueous phase was washed with 
CH2C12 (2 x 50 mL). The combined organic solutions were washed with H2O (20 mL), dried 
(MgSO4), and concentrated in vacuo. Recrystallisation of the residue from CH2C12/n-pentane (8:1, 
v/v) afforded the title molecule 180 (5.79 g, 60%) as a light pink solid; R f = 0.48 (100% EtOAc); 
m.p. 106 — 107 °C (Lit. 104 — 105.5 °C);6 IR (Film) vo,a„ (CaF2 pellet)/cnil 1118 (C-O str.), 1378, 
1460 (CH def.), 2856, 2926 (CH str.), 3546 (OH str.); 6H (400 MHz, CDC13) 1.93 (2H, br s, Ha), 
3.70 — 3.72 (4H, m, 	3.76 — 3.78 (4H, m, He), 3.88 — 3.90 (4H, m, Hd), 4.11 — 4.13 (4H, m, He), 
7.24 (2H, s, Hf); Sc (100.6 MHz, CDC13) 61.8 (Cg), 69.5 (Ch), 70.1 (Ci), 72.6 (Ci), 86.4 (Ck), 123.5 
(CO, 153.1 (Cm); m/z (CI, NH3) 556 (100%, [M+NH4]). FIRMS (CI, NH3) Found: [M+Nlia]+, 
555.9687. C14H2412N06 requires: 555.9688. Anal. Calcd. for C14H201206: C, 31.25; H, 3.75. Found: 
C, 31.18; H, 3.70. 
7.2.49 2,5-Bis-(phenylethyny1)-1,4-bis(2-(2-hydroxyethoxy)ethoxy ethoxy)benzene (PE 181). 
180 
Hb 0Ha 
He )1( 	(h 
0 Hb 
Hf 
• m I le • 
H
e 
Hf H 
H9 
HOrj  
To a solution of 180 (0.600 g, 1.12 mmol), tetrakis (triphenylphosphine) palladium(0) (122 mg, 
106 µmop, copper-(I) iodide (20.0 mg, 105 mmol) and diisopropylamine (10 mL) in THE (10 mL) 
was added phenylacetylene (0.39 mL, 3.52 mmol) dropwise over 5 minutes. The resulting mixture 
was stirred at room temperature under argon for 44 hours, by which time the reaction was deemed 
complete by TLC. The solvents were removed in vacuo and the crude material was purified via 
recrystallisation from n-hexane/EtOAc (1:2, v/v) and Me0H/H20 (9:1, v/v) to give the title 
molecule PE 181 (0.451g, 83%) as an off-white crystalline solid; R f = 0.21 (n-hexane:EtOAc, 1:2, 
v/v); m.p. = 104 — 105 °C; IR (Film) voie„ (CaF2 pellet)/cm4 1221 (C-O str.), 1376, 1460 (CH def.), 
2360 (C=C), 2853, 2923 (CH str.), 3424 (0-H str.); 8H (400 MHz, CDC13) 1.64 (2H, br s, Ha), 3.71 
— 3.75 (8H, m, Hb), 3.92 — 3.95 (4H, m, He), 4.22 — 4.24 (4H, m, Hd), 7.06 (2H, s, He), 7.34 — 7.38 
(6H, m, Hf), 7.53 — 7.56 (4H, m, Hg); 8c (100.6 MHz, CDC13) 61.9 (Ch), 69.6 (C1), 69.6 (Ca), 72.8 
(Ck), 85.5 (C1), 95.2 (Cm), 114.4 (Co), 117.7 (Co), 123.1 (Cp), 128.4 (Cq), 128.5 (Cr), 131.6 (Cs), 
153.6 (C1); m/z (CI, NH3) 487 (75%, [M+H]+), 504 (100%, [M+NH4]+); HRMS (CI, NH3) Found: 
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[M+NH4]+, 504.2359. C30H34N06 requires: 504.5935; Anal. Calcd. for C30113006: C, 74.06; H, 
6.21. Found: C, 73.98; H, 6.19. Absorbance Xmax (in unbuffered H20, 0 wt.% Triton): 355 nm; 
emission ?max  (in unbuffered H20, 0 wt.% Triton): 399 nm; absorbance Amax  (in unbuffered H20, 
0.3 wt.% Triton): 365 nm; emission Xmax (in unbuffered H2O, 0.3 wt.% Triton): 398 nm; 
absorbance Xmax (in Me0H, 0 wt.% Triton): 358 nm; emission Xmax (in Me0H, 0 wt.% Triton): 394 
nm; absorbance Xmax (in Me0H, 0.3 wt.% Triton): 358 nm; emission X.ma„ (in Me0H, 0.3 wt% 
Triton): 394 nm. 
7.2.50 PPE 182. 
106 	 180 
To a solution of DMF (12 mL) and diisopropylamine (6 mL) was added 1,4-diethynylbenzene 
(106, 50 mg, 0.40 mmol) and 180 (0.203 g, 0.377 mmol). The Schlenk flask was fitted tightly with 
a rubber septum, and the solution was deoxygenated by applying the freeze-pump-thaw technique 
consecutively over three iterations. After backfilling with argon, to this solution was added 
Pd(PPh3)4 (25 mg, 22 µmop and Cu(I)I (25 mg, 130 µmol). The resulting suspension was 
deoxygenated again by applying the freeze-pump-thaw technique consecutively over three 
iterations. A voluminous precipitate, believed to be alkylammonium iodide, formed in less than 
five minutes. The solution was heated at 45 °C for 26 hours with stirring in the dark. After this 
time, a second batch of the catalyst and co-catalyst was added (same amounts as before) and the 
solution deoxygenated again and stirred at 45 °C for a further 8 hours before the cooled reaction 
mixture was poured into Me0H (400 mL) which prompted the precipitation of the polymer as a 
yellow fibre-like material which was then filtered and redissolved in a small volume (< 4 mL) of 
DMF. The precipitation and redissolution process was repeated once more to give PPE 182 (0.135 
g, 87%) as a light yellow solid; GPC (DMF, PS Standards): Mn = 59.8 kDa, (see Chapter Three, 
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section 3.3 for detail); IR (Film) on CaF2 disc vmax/cnil 1377, 1461 (CH def.), 2205 (C=C), 2855, 
2923, (CH str.), 3427 (OH Str.); SH (400 MHz, d6-DMSO) 3.54 — 3.58 (4H, br m, Ha), 3.70 — 3.97 
(4H, br m, Hb), 4.09 — 4.39 (4H, br m, He), 4.92 — 4.77 (4H, br m, Hd), 7.14 — 7.32 (2H, br s, He), 
7.44 — 7.67 (4H, br m, Hf); Sc (100.6 MHz, d6-DMSO) 60.3 (Cg), 68.9 (Ch), 72.7, (C,), 116.7 (Ci), 
131.5 (CO, 132.7 (C1), 153.1 (Cm). Anal. Calcd. for C24H2606•2H20: C, 64.56; H, 6.77. Found: C, 
64.57; H, 6.02. Due to the limited solubility of the polymer only a partial 13C NMR spectrum was 
acquired. Absorbance k.„ (in unbuffered H2O, 0 wt.% Triton): 462 nm; emission ?max  (in 
unbuffered H2O, 0 wt.% Triton): 497 nm; absorbance Xmax (in unbuffered H2O, 0.3 wt.% Triton): 
could not be determined under these conditions. Emission Xmax (in unbuffered H2O, 0 wt.% Triton): 
445 nm; absorbance kmax (in Me0H, 0 wt.% Triton): could not be determined under these 
conditions. Emission kma„ (MeOH, 0 wt.% Triton): 438 nm; absorbance Xama (in Me0H, 0.3 wt.% 
Triton): 411 nm; emission Amax  (in Me0H, 0 wt.% Triton): 438 nm; DSC showed decomposition. 
7.2.51 2,5-diiodophenylenediamine (188).6'17'19 
NH2 	 NH2 
NH2 	 NH2 
187 
	
188 
Method 1 
p-Phenylenediamine (187, 0.500 g, 4.62 mmol) was added to a mixture of glacial AcOH (20 mL), 
H2SO4 (12 M, 0.33 mL), H2O (1 mL), KI03 (0.50 g, 2.31 mmol) and 12 (1.23 g, 4.85 mmol). The 
mixture was slowly heated to reflux. After 6 hours, the reaction was cooled to room temperature 
and H2O (100 mL) was added to the cooled mixture (25 °C) and then the whole mixture was cooled 
in an ice/H20 bath. Dark crystals were collected, washed with H2O (15 mL) and dried under 
vacuum. The dark crystals were then dissolved in CHC13 and heated at 75 °C with activated carbon 
(10.0 mg) for 10 minutes followed by hot filtration. The filtrate was cooled and a dark brown/black 
solid was isolated. I-1 NMR was inconclusive. 
Unassigned signals: 6H (270 MHz, CDC13) 1.24 — 1.70 (m), 3.10 — 3.25 (m). See Chapter Four, 
section 4.1.1 for further details. 
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Method 2 
A mixture of p-phenylenediamine (187, 0.500 g, 4.62 mmol), [bis(trifluoroacetoxy)iodo]benzene 
(147, 2.24 g, 5.20 mmol) and 12 (1.23 g, 4.85 mmol) in CH2C12 (100 mL) was stirred at room 
temperature for 18 hours. The reaction mixture was then concentrated and CH2C12 and H2O (30 mL 
of each) were added. NaHSO3 was added and the excess filtered off. The two phases were 
separated and the organic layer was dried and concentrated in vacuo. 1H NMR confirmed the 
formation of iodobenzene as a by-product, but was otherwise inconclusive. 
Unassigned signals: SH (270 MHz, d6-DMSO) 3.15 (br m), 4.01 — 4.32 (br m), 9.91 (br m). See 
Chapter Four, section 4.1.1 for further details. 
Method 3 
To a solution of 187 (0.50 g, 4.6 mmol) in AcOH (15 mL) was added NaOAc (0.82 g, 9.9 mmol). 
To this solution was added ICI (1.6 g, 9.9 mmol) in AcOH (10 mL) and the reaction mixture heated 
at 80 °C for 3 hours. I H NMR data indicated the presence of the starting material only (reclaimed 
in — 90% yield). 
7.2.52 1,4-Acetanilide (189).19 
 
 
NH2 
 
187 
	
189 
p-Phenylenediamine (187, 1.00 g, 9.25 mmol) was added to Ac20 (3.5 mL) and the solution stirred 
for 10 minutes. Triethylamine (1.5 mL) was added and the resulting solution heated at 35 °C for 1 
hour. The afforded white liquid was washed with 50% aqueous Me0H (100 mL) and extracted 
with Et20 (50 mL). The volume of solvent was reduced in vacuo to reveal 189 (1.34 g, 75%) as a 
white solid; IR (Film) vind. (CaF2 pellet)/cm-1 1369, 1462 (CH def.), 1516 (benzene ring), 1569 
(amide), 1662 (amide), 2855, 2921 (CH str.), 3079 (secondary amide band), 3169 (secondary 
amide band), 3297 (secondary amide band); SH (400 MHz, d6-DMS0) 2.00 (6H, s, Ha), 7.47 (4H, 
s, Hb), 9.82 (2H, s, He); 5c (100.6 MHz, d6-DMSO) 23.7 (Cd), 119.2 (Ce), 134.5 (Cf), 167.8 (Cg); 
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m/z (CI, NH3) 193 (15%, [M+1-1]±), 210 (100%, [M+NH4]+). HRMS (CI, NH3) Found: [M+NRt]+, 
210.1240. C10H16N302 requires: [M+NH4]+, 210.2524. 
7.2.53 2,5-Diiodo-1,4-acetanilide (190). 
NHAc 	 NHAc 
I 
NHAc 
	
NHAc 
189 
	
190 
Method 1 
A mixture of 189 (0.300 g, 1.56 mmol), [bis(trifluoroacetoxy)iodo]benzene (147, 0.758 g, 1.76 
mmol) and 12 (0.416 g, 1.64 mmol) in CH2C12 (100 mL) was stirred at room temperature for 18 
hours. The reaction mixture was then concentrated (-10 mL) and n-pentane (30 mL) was added. 
No precipitate formed and all of the solvent was then removed in vacuo and the solid analysed by 
1H NMR. I H NMR data was inconclusive. 
Unassigned signals: SH (400 MHz, CDC13) 2.18 — 2.24 (br m), 2.71 (m), 7.21 (s). See Chapter Four, 
section 4.1.1 for further details. 
Method 2 
189 (0.393 g, 2.04 mmol) was added to a 100 mL round bottom flask and to this was added NaOAc 
(0.369 g, 4.50 mmol) and AcOH (30 mL). A solution of IC1 (0.731 g, 4.50 mmol) in AcOH (10 
mL) was added and the reaction mixture heated at 80 °C for 6 hours. Analysis of the reaction 
mixture by TLC (R f = 0.24, 100% EtOAc) indicated that no reaction had occurred. I H NMR data 
indicated the presence of the starting material only (reclaimed in 90% yield). 
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7.2.54 1,4-Bis(1,3-bis(tert-butoxycarbonyl)guanidine)benzene (191). 
	
NH2 	 HN NBoc 
NHBoc 
187 
	
191 
Impure 
To a solution of p-phenylenediamine (187, 0.400 g, 3.70 mmol) in THE (30 mL) was added 1,3-
bis-(tert-butoxycarbonyl)-2-methyl-2-thiopseudourea (193, 2.68 g, 9.25 mmol), triethylamine (2.06 
mL, 14.8 mmol) and mercury(II) dichloride (2.31 g, 8.51 mmol) at room temperature. After 4 
hours, the reaction mixture was diluted with EtOAc (15 mL) and filtered over a short path of celite 
(0.5 cm depth, 4 cm diameter in a sinter funnel). The filtrate was successively washed with H2O (2 
x 20 mL), brine (20 mL) and dried over MgSO4. After filtration and evaporation of the solvent in 
vacuo crude 191 (0.41 g, 20%) was isolated as a pale yellow solid. Rf = 0.85, 0.70, 0.25 (n- 
hexane:THF, 1:1, v/v); SH (270 	MHz, CDC13) 1.39 — 1.61 (— 36H, m, Ha), 7.55 	4H, s, Hb), 10.3 
(— 4H, br s, He). 
The molecule was not isolated cleanly. Unassigned signals: SH (270 MHz, CDC13) 2.37 (s), 7.28 —
7.36 (br m), 11.6 (s). See Chapter Four, section 4.1.1 for further details. 
7.2.55 2,5-Diiodo-1,4-Bis(1,3-bis(tert-butoxycarbonyl)guanidine)benzene (192). 
NHBoc 
	
NHBoc 
NBoc 
HN NBoc 	HN NBoc 
NHBoc 	 NHBoc 
191 
	
192 
Impure 
A mixture of 191 (0.150 g, 0.253 mmol), [bis(trifluoroacetoxy)iodo]benzene (147, 0.122 g, 0.284 
mmol) and 12 (67 mg, 0.27 mmol) in CH2C12 (10 mL) was stirred at room temperature for 8 hours. 
The reaction mixture was then concentrated in vacuo and analysis by TLC (R f = 0.85, n- 
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hexane:EtOAc, 2:1, v/v) indicated that no reaction had occurred. 1-1 NMR data indicated the 
presence of the starting material only. 
7.2.56 2,5-Dibromonitrobenzene (197).20 
 
Br 
 
194 
  
[Nitration of aromatics can lead to polynitrated compounds that are explosive and therefore blast-
protection was used throughout this process, as a precaution] 
197 was prepared using a previously described procedure; characterisation data correspond to 
literature values.2°  
197: (15.6 g, 65%) as light yellow crystals; Rf = 0.63 (silica gel, n-hexane/EtOAc, 3:1, v/v); m.p. 
87 - 89 °C (Lit. m.p. 83.5 - 84.5 0c.20,21 ); 	Ox (400 MHz, CDC13) 7.54 - 7.65 (2H, m, Ha + Hb), 7.98 
(1H, d, 4JH_H = 2.2 Hz, HO; Sc (100.6 MHz, CDC13) 113.2 (Cd), 121.5 (Ce), 123.9 (Cf), 128.5 (Cg), 
136.2 (Ch), 150.3 (C1); m/z (CI, NH3) 298 (100%, [M+NE14]±); HRMS (CI, NH3) Found: 
[M+NH4]+, 298.8854. C6H7Br2N2O2 requires: [M+NH4]±, 298.9400; Anal. Calcd. for C6H3Br2NO2: 
C, 25.65; H, 1.08; N, 4.99. Found: C, 25.77; H, 1.01; N, 4.95. 
7.2.57 2,5-Dibromoaniline (195).22 
195 was prepared using a previously described procedure; characterisation data correspond to 
literature values.22 
195: (3.40 g, 95%), a white crystalline solid; R f = 0.72 (silica gel, n-hexane/EtOAc, 3:1, v/v); m.p. 
56 - 58 °C (Lit. m.p. 54.5 - 55 °C);21 SH (400 MHz, CDC13) 3.77 - 4.53 (2H, br s, Ha), 6.73 (1H, 
dd, JR_H = 8.5, 2.2 Hz, Hb), 6.90 (1H, d, 4.411 = 2.2 Hz, He), 7.23 - 7.25 (1H, m, Hd); Sc (100.6 
MHz, CDC13) 107.7 (Ce), 118.1 (Cf), 121.7 (Cg), 122.1 (Ch), 133.6 (CO, 145.3 (Ci); m/z (CI, NH3) 
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251 (65%, [M+H]
+
). HRMS (CI, NH3) Found: [M]
+
, 250.8768. C6H5Br2N requires: [M]
+, 
250.9186; Anal. Calcd. for C6H5Br2N: C, 28.72; H, 2.01; N, 5.58. Found: C, 28.83; H, 1.98; N, 
5.50. 
7.2.58 2,5-Dibromo(1,3-bis(tert-butoxycarbonyl)guanidine) (198). 
To a solution of 195 (0.250 g, 1.00 mmol) in THE (25 mL) was added 1,3-bis-(tert-
butoxycarbonyl)-2-methyl-2-thiopseudourea (193, 0.376 g, 1.30 mmol), triethylamine (0.21 mL) 
and mercury(II) dichloride (0.350 g, 1.30 mmol) at room temperature. After 14 hours, the reaction 
mixture was diluted with EtOAc (20 mL) and filtered over a short path of celite (0.5 cm depth, 4 
cm diameter in a sinter funnel). The filtrate was successively washed with H2O (2 x 20 mL), brine 
(20 mL) and dried over MgSO4. After filtration and evaporation of the solvent under reduced 
pressure the crude molecule was purified by flash column chromatography to give 198 (0.138 g, 
28%) as a colourless solid, Rf = 0.60 (silica gel, EtOAc/n-hexane, 1:6, v/v); m.p 129 — 131 °C; IR 
(Film) vmm, (CaF2 pellet)/cm-1 1378, 1460 (CH def.), 1640 (C=N str.), 2855, 2922, (CH str.); SH 
(400 MHz, CDC13) 1.54 (18H, m, Ha), 7.11 (1H, dd, 3JH_H = 2.3, 8.5 Hz, Hb), 7.39 (1H, d, 3.414-1 = 
8.5 Hz, He), 8.57 (1H, s, Hd), 10.6 (1H, br s, He), 11.6 (1H, br s, Hf); Sc (100.6 MHz, CDCI3) 28.1 
(Cg), 80.1 (CO, 84.1 (Ci), 114.1 (Ci), 121.3 (CO, 127.8 (C1), 128.6 (Cm), 133.4 (Ca), 136.7 (C0), 
153.3 (Cr); m/z (CI, NH3) 494 (100%, [M+H] ); HRMS (CI, NH3) Found: [M+H] , 494.0113. 
C17H24Br2N304 requires: [M+H], 494.0134. 
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7.2.59 2-(1,3-bis(tert-butoxycarbonyl)guanidine)-1,4-bis-phenylethynyl-benzene (PE 199). 
NHBoc 
	
NHBoc 
BocN 
	
BocN 
NH 
	
NH 
198 
	
PE 199 
Impure 
A solution of 198 (0.100 g, 0.200 mmol), phenylacetylene (0.074 mL, 0.67 mmol), tetrakis-
(triphenylphosphine) palladium(0) (10 mg, 9 µmop, copper-(I) iodide (10 mg, 53 mop and 
diisopropylamine (2 mL) in THF (10 mL), was stirred for 26 hours under argon at 45 °C. The 
solvents were removed under reduced pressure, and the remaining solid purified by column 
chromatography (Rf = 0.23, 0.45, CH2C12/n-hexane, 1:1, v/v); two fractions were collected 
(combined yield: 0.101 g) and by I H NMR it was not possible to confirm the structure of the target 
molecule. 
Unassigned signals: SH (400 MHz, CDC13) 6.86 — 8.73 Ar-H. See Chapter Four, section 4.1.1 for 
further details. 
7.2.60 2-Aniline-1,4-bis-phenylethynyl-benzene (PE 200). 
NH2 	 NH2 
195 
	
PE 200 
Impure 
A solution of 195 (1.50 g, 5.98 mmol), phenylacetylene (1.97 mL, 17.9 mmol), tetrakis-
(triphenylphosphine) palladium(0) (69 mg, 60 µmol), copper-(I) iodide (11 mg, 58 µmop and 
diisopropylamine (2 mL) in THF (10 mL), was stirred for 20 hours under argon at 20 °C. The 
solvents were removed under reduced pressure, and the remaining solid purified by column 
chromatography (100% n-hexane); two fractions were collected. The first (0.152 g) was identified 
as the unwanted homocoupled product of phenylacetylene (Rf = 0.40, 100% n-hexane) and the 
second (Rf  = 0.20, 100% n-hexane) as the starting material 195 (1.12 g). 
Unassigned signals (second fraction): SH (270 MHz, CDC13) 6.59 — 7.84 Ar-H. See Chapter Four, 
section 4.1.1 for further details. 
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7.2.61 2-Nitro-1,4-bis-phenylethynyl-benzene (PE 202).23 
A solution of 2,5-dibromonitrobenzene (197, 1.00 g, 3.56 mmol), bis(triphenylphosphine) 
palladium(II) dichloride (50 mg, 0.071 mmol), copper(I) iodide (27 mg, 0.14 mmol), THE (40 
mL), diisopropylamine (5 mL) and phenylacetylene (0.86 mL, 7.8 mmol) was stirred for 1 hour 
under argon at 45 °C. After cooling to room temperature, the mixture was flushed through a silica 
plug (n-hexane/CH2C12, 2:1, v/v) followed by recrystallisation from 95% EtOH afforded the 
desired product PE 202 (0.36 g, 31%) as yellow needle-shaped; SH (400 MHz, CDC13) 7.37 - 7.41 
(6H, m, Ha), 7.55 - 7.62 (4H, m, Hb), 7.67 - 7.72 (2H, m, He), 8.22 (1H, m, HO;  Sc (100.6 MHz, 
CDC13) 84.8 (Ca), 86.8 (Cf), 93.6 (Cg), 98.8 (Ch), 118.1 (C,), 122.2 (Ci), 122.3 (Ck), 124.1 (CO, 
127.5 (Cm), 128.4 (Ca), 128.5 (Ca), 129.1 (Cr), 129.4 (CO, 131.7 (Cr), 132.1 (Cs), 134.5 (Cr), 135.2 
(Ca), 149.5 (CO. 
7.2.62 2-Aniline-1,4-bis-phenylethynyl-benzene (PE 200). 
NO2 
• 1. 
PE 202 
PE 202 (2.88 g, 8.90 mmol) was dissolved in EtOH (50 mL) and to this solution was added tin(II) 
chloride dihydrate (10.0 g, 44.5 mmol) in small portions, avoiding an excessive increase in the 
temperature. The resulting pale-yellow solution was stirred at 70 °C for 16 hours at which time the 
starting material disappeared by TLC. The turbid solution was poured onto 20 g of ice and the pH 
made slightly basic by addition of solid NaHCO3 	5 g) before the solution was extracted with 
EtOAc (3 x 50 mL). The organic phases were combined and washed with brine (3 x 30 mL) and 
the combined organic extracts dried over MgSO4. Evaporation of the solvent gave an unidentified 
material (1.31 g) as a white crystalline solid. I H NMR was inconclusive; TLC, Rf = 0.15, 0.25, 0.64 
(n-hexane/CH2C12, 1:1, v/v). 
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Unassigned signals: SH (270 MHz, CDC13) 6.84 — 8.65 Ar-H. See Chapter Four, section 4.1.1 for 
further details. 
7.2.63 2-Nitro-1,4-bis-trimethylsilanylethynyl-benzene (203).23 
NO2 H~NO2 
 
S\ Si 	 c 7.= 	 ( 
Ha 	 Ha 
Hb Hb 
203 
 
197 
 
203 was prepared using a previously described procedure; characterisation data correspond to 
literature values.23 
203: (1.02 g, 41%), a light-yellow solid; SH (270 MHz, CDC13) 0.15 — 0.29 (18H, m, Ha), 7.56 (2H, 
br s, Hb), 8.05 (1H, br s, He). The crude material was directly employed in the following reaction. 
7.2.64 2,5-Bis-trimethylsilylethynyl-aniline (204).24 
NO2 
	SiMe3 	Me3Si Me3Si 
 
NH2 
\ = 	SiMe3 
 
203 
	
204 
203 (1.02 g, 3.23 mmol) was dissolved in EtOH (30 mL) and THE (20 mL) and to this solution was 
added tin(II) chloride dihydrate (3.65 g, 16.1 mmol) in small portions, avoiding an excessive 
increase in the temperature. The resulting pale-yellow solution was stirred at 20 °C for 5 hours at 
which time the starting material disappeared by TLC. The turbid solution was then treated with 
50% aqueous KOH to dissolve tin compounds. The phases were then separated. The aqueous phase 
was then extracted with Et20 (3 x 30 mL) and then discarded. The extracts were combined with the 
organic phase, washed with brine (3 x 30 mL), dried over MgSO4 and evaporated in vacuo which 
gave a dark orange residue, unidentified by NMR. I-1 NMR was inconclusive. See Chapter Four, 
section 4.1.1 for further details. 
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7.2.65 2,5-Bis-trimethylsilylethynyl-aniline (204).25 
 
c 
Hd NH2 
m 
\
S1 
h i o 	1 1 k St(-\ g  
Ha/b/ 
/-- 
m b
/ 
	 P 	Ha/b 
He Hf 
204 
 
195 
 
204 was prepared using a previously described procedure; characterisation data correspond to 
literature values.25  
204: (3.75 g, 66%), a pale-yellow crystalline material; Rf = 0.83 (silica gel, n-hexane/Et0Ac, 3:1, 
v/v); m.p. 121 - 123 °C (Lit. m.p. 121 °C);26 IR (Film) vmax (CaF2 pellet)/cm1  1377, 1462 (CH 
def.), 1612 (NH bending), 2145 (C=C), 2858, (CH str.), 3387, 3485 (unsymmetrical and 
symmetrical NH str.); SH (400 MHz, CDC13) 0.23 (9H, br s, Ha), 0.26 (9H, br s, Hb), 3.91 - 4.47 
(2H, br s, He), 6.75 - 6.78 (1H, m, Hd), 6.79 - 6.80 (1H, m, He), 7.21 (1H, d, 3.4.H = 7.9 Hz, Hf); Sc  
(100.6 MHz, CDC13) -0.08 (Cg), -0.06 (Cg), 95.2 (Ch), 101.3 (CO, 101.5 (Ci), 105.0 (Ck), 108.2 (C1), 
117.2 (Cm), 121.5 (C.), 124.1 (Co), 132.0 (Cr), 147.8 (Cq); m/z (CI, NH3) 286 (100%, [M+H]); 
HRMS (CI, NH3) Found: [M+1-1]±, 286.1447. C16t124NSi2 requires: [M+H]+, 286.5394. 
7.2.66 2,5-Bis-trimethylsily1-4-(N,N'-bis(tert-butyloxycarbony1)-N"-guanidine)benzene (205). 
Me3Si 
  
/ /Ha/b 
. 
  
  
Hd He 
204 
	
205 
To a solution of 204 (3.75 g, 13.1 mmol) in DMF (10 mL) was added 1,3-bis-(tert 
butoxycarbonyl)-2-methyl-2-thiopseudourea (193, 4.19 g, 14.4 mmol), triethylamine (3.7 mL, 26.5 
mmol) and mercury(II) dichloride (3.92 g, 14.4 mmol) under argon and at 25 °C. The resulting 
mixture was stirred and after 50 hours, the reaction mixture was diluted with EtOAc and filtered 
over a short path of celite (1.5 cm depth, 4 cm diameter in a sinter funnel). The filtrate was 
successively washed with H2O (2 x 20 mL), brine (1 x 20 mL) and dried over MgSO4. After 
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filtration and evaporation of the solvent under reduced pressure the crude molecule was purified by 
tritiation using Me0H to give 205 (4.70 g, 68%) as a white crystalline solid; Rf = 0.71 (silica gel, 
n-hexane/EtOAc, 5:1, v/v); m.p. 147 - 149 °C; IR (Film) vmax (CaF2 pellet)/cm-1 1370, 1464 (CH 
def.), 1572 (C=0 amide str.), 1644 (NH bending), 1727 (CO= amide str.), 2147 (C.C), 2855, 2923 
(CH str.); 811 (400 MHz, CDC13) 0.23 (9H, br s, Ha), 0.29 (9H, br s, Hb), 1.52 - 1.54 (18H, m, H0), 
7.09 (1H, dd, 	= 8.0, 1.5 Hz, Hd), 7.34 (1H, d, 	= 8.0 Hz, He), 8.76 (1H, br s, Hf), 10.77 
(1H, br s, Hg), 11.62 (1H, br s, Hh); Sc (100.6 MHz, CDC13) -0.18 (C,), M.15 (C;), 28.1 (Ci), 28.2 
(Ci), 79.7 (Ck), 83.4 (C1), 96.0 (Cm), 99.6 (Ca), 103.8 (C.), 105.1 (Cr), 114.2 (Cq), 124.0 (C1), 125.8 
(Cs), 126.8 (Ct), 132.1 (C.), 139.0 (C,), 152.5 (CO, 153.2 (Cx), 163.2 (Cy); m/z (CI, NH3) 328 
(20%, [M - (1 x BOC group)] ), 428 (40%, [M - (2 x BOC groups)] ), 528 (100%, [M+H]); 
HRMS (CI, NH3) Found: [M+H]+, 528.2714. C27H42I\1304Si2 requires: [M+H]+, 528.8110; Anal. 
Calcd. for C27H42N304Si2: C, 61.44; H, 7.83; N, 7.96. Found: C, 61.37; H, 7.93; N, 8.07. 
7.2.67 2,5-Diethyny1-4-(N,/V'-bis(tert-butyloxycarbony1)-N"-guanidine)benzene (206). 
NHBoc 
BocN 
NH 
Me3Si- \ / 	 b/cH = SiMe3  
205  
Ha 
0 
0/ 
0 	NH9  
NHh  
P m 
d He 
206 
0 
Hb/c 
To a solution of 205 (4.00 g, 7.60 mmol) in Me0H (15 mL) and THE (30 mL) was added K2CO3  
(1.10 g, 7.96 mmol). The reaction mixture was stirred for 4 hours at 25 °C and then quenched with 
saturated NH4C1 (15 mL) and diluted with EtOAc (30 mL). The organic layer was washed with 
H2O (2 x 15 mL), dried over MgSO4 and the solvent was removed in vacuo. The residue was 
purified by tritiation from Me0I-1 (20 mL) to afford the bisalkyne 206 (2.06 g, 71%) as a white 
crystalline solid; Rf = 0.77 (silica gel, n-hexane/EtOAc, 3:1, v/v); m.p. 160 - 161 °C; IR (Film) 
Vmax (CaF2 pellet)/cm-1 1377, 1461 (CH def.), 1574 (C=0 amide str.), 1615 (C=N str.), 1722 (C=0 
amide str.), 2106 (C=C), 2850, 2922 (CH str.); 6H (400 MHz, CDC13) 1.52 - 1.53 (18H, m, Ha), 
3.15 (1H, s, Hb), 3.55 (1H, s, 	7.15 (1H, dd, JH-H = 8.0, 1.5 Hz, Hd), 7.38 (1H, d, 341.H = 8.0 Hz, 
He), 8.62 (1H, s, Hf), 10.86 (1H, br s, Hg), 11.6 (1H, br s, Hh); Sc (100.6 MHz, CDC13) 28.0 (Ci), 
28.1 (C1), 78.7 (Ci), 78.9 (Ck), 80.0 (CI), 83.3 (Cm), 83.6 (Ca), 86.1 (C.), 113.8 (Cr), 123.4 (CO, 
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125.9 (Cr), 127.4 (C,), 132.0 (Ct), 139.5 (C.), 152.3 (Cv), 153.3 (CO, 163.8 (Cs); m/z (CI, NH3) 
184 (100%, [M - (1 x BOC group)] ), 278 (80%, [M - (2 x BOC group)] ), 384 (100%, [M+H]); 
HRMS (CI, NH3) Found: [M+H]+, 384.1917. C21H26N304 requires: [M+H]+, 384.4488; Anal. 
Calcd. for C211-125N304: C, 65.78; H, 6.57; N, 10.96. Found: C, 65.68; H, 6.67; N, 11.00. 
7.2.68 2,5-Bis-(4-methylphenylethyny1)-4-(X/V'-bis(tert-butyloxycarbony1)-N"-
guanidine)benzene, (PE 205). 
0 
NH 
N NH 
206 
0 
Off 
0 	NH h  
00 
Nhh 
H e hemm 0 Hg NHi 	Hf 
y 	bb 	v 	cc 
_ 
 bb y 
d/ee 40 	 II snou 	p q t 	 d/ CH3ei  Me e b 
a 
He Hd He Hf 
PE 207 
Hc Hc 
A solution of 206 (600 mg, 1.56 mmol), 4-iodotoulene (149, 1.02 g, 4.69 mmol), tetrakis 
(triphenylphosphine) palladium(0) (0.180 g, 156 [mop, copper (I) iodide (30 mg, 160 µmop, and 5 
mL of diisopropylamine in 5 mL of THE was stirred under argon at 25 °C for 24 hours, by which 
time the reaction was deemed complete by TLC. The solvents were removed in vacuo and the 
crude material was purified by two recrystallisations from MeCN 5 mL) to give PE 207 (806 
mg, 91%) as a light-yellow crystalline solid; Rf = 0.83 (silica gel, n-hexane/Et0Ac, 3:1, v/v); m.p. 
163 - 165 °C; IR (Film) vmas (CaF2 pellet)/cm-1 1377, 1461 (CH def.), 1568 (C=0 amide str.), 1640 
(C=N str.), 1727 (C=0 amide str.), 2853, 2924 (CH str.); SH (400 MHz, CDC13) 1.54 (18H, br s, 
Ha), 2.37 (6H, s, 	7.12 - 7.17 (4H, m, fl,), 7.20 - 7.23 (1H, m, Hd), 7.41 - 7.46 (3H, m, He), 
7.59 - 7.62 (2H, m, Hf), 8.75 (1H, s, Hg), 11.1 (1H, br s, Hh), 11.7 (1H, br s, Hi); Sc (100.6 MHz, 
CDC13) 21.6 (Ci), 28.1 (CO, 79.9 (C1), 83.6 (Cm), 84.1 (C.), 89.1 (Co), 91.2 (Cr), 98.1 (Cq), 114.4 
(Cr), 119.7 (C,), 120.1 (Ct), 124.0 (C.), 125.1 (Cv), 127.0 (CO, 128.9 (Cs), 129.1 (Cy), 131.5 (Cs), 
131.7 (C..), 131.8 (Cbb), 138.4 (Coo), 138.5 (Cdd), 138.8 (Coo), 152.8 (Cff), 153.2 (Cgg), 163.1 (Cu,); 
m/z (CI, NH3) 564 (55%, [M+H] ), 363 (100%, [M - (2 x BOC groups)] ); HRMS (CI, NH3) 
Found: [M+H]+, 564.2862. C35H38N304 requires: [M+H]+, 564.2863; Anal. Calcd. for C35H37N304: 
C, 74.58; H, 6.62; N, 7.45. Found: C, 74.54; H, 6.72; N, 7.38. Absorbance Xmax  (in Me0H, 0 wt% 
Triton): 327 nm; emission ?ax  (in Me0H, 0 wt.% Triton): 360 nm; absorbance Amax (in Me0H, 0.3 
wt.% Triton): 327 nm; emission Xmax (in Me0H, 0.3 wt.% Triton): 360 nm. 
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7.2.69 2,5-Bis-(4-methylphenylethynyl)-4-(guanidinium)benzene, trifluoroacetate salt (PE 208). 
NHBoc 
BocN 
NH 
To a solution of PE 207 (40 mg, 71 !mop in CH2C12 (3.5 mL), trifluoroacetic acid (3.5 mL) was 
added dropwise. The reaction mixture was stirred at 25 °C for 1 hour. The solvents were removed 
in vacuo and the crude material was purified by recrystallisation from n-hexane/CH2C12 (1:1, v/v, 
3 mL) to give PE 208 (20 mg, 59%) as a light-yellow crystalline solid; Rf = 0.29 (silica gel, 100% 
EtOH); m.p. 218 — 221 °C (decomp.); IR (Film) vmax (CaF2 pellet)/cm-1 1377, 1462 (CH def.), 1664 
(C=N str.), 1700 (C=0 str.), 2858, 2936 (CH str.), 3470 (0-H str.); SH (400 MHz, d4-Me0D) 2.37 
(6H, s, Ha), 7.21 — 7.23 (4H, m, Hb), 7.41 — 7.45 (4H, m, He), 7.51 — 7.52 (1H, m, Hd), 7.53 — 7.56 
(1H, m, He), 7.63 — 7.65 (1H, m, Hf); Sc (100.6 MHz, d4-MeOD) 21.5 (Cg), 85.0 (Ch), 88.2 (CI), 
93.5 (Cj), 98.1 (Ck), 120.7 (C1), 120.8 (Cm), 123.3 (Co), 126.2 (Co), 130.4 (Cr), 131.6 (Cq), 132.4 
(Cr), 132.6 (C,), 134.3 (Ct), 137.0 (Ca), 140.6 (C,), 140.9 (Cw), 158.4 (CO; m/z (CI, NH3) 364 
(20%, [M-FH]+); HRMS (CI, NH3) Found: [M+F1]±, 364.1816. C25H22N3 requires: [M+H]+, 
364.4617; Anal. Calcd. for C25H22N3•C2F302  .H20: C, 65.45; H, 4.88; N, 8.48. Found: C, 65.96; FI, 
4.12; N, 8.26. Absorbance Xmax (in unbuffered H2O, 0 wt.% Triton): 326 nm; emission Xmax (in 
unbuffered H2O, 0 wt.% Triton): 376 nm; absorbance Xmax (in unbuffered H2O, 0.3 wt.% Triton): 
333 nm; emission Xmax (in unbuffered H2O, 0.3 wt.% Triton): 365 nm; absorbance Xmax (in Me0H, 
0 wt.% Triton): 326 nm; emission ?max  (in Me0H, 0 wt.% Triton): 356 nm; absorbance kmax  (in 
Me0H, 0.3 wt.% Triton): 326 nm; emission Xmax (in Me0H, 0.3 wt.% Triton): 357 nm. 
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7.2.70 PPE 209. 
To a solution of DMF and diisopropylamine (1:1, v/v, 6 mL each) were added 1,4-diiodobenzene 
(109, 0.204 g, 0.618 mmol) and bisalkyne 206 (0.250 g, 0.652 mmol) and 4-iodotoluene (149, 16 
mg, 0.073 mmol). The Schlenk flask was fitted tightly with a rubber septum, and the solution was 
deoxygenated by applying the freeze-pump-thaw technique consecutively over three iterations. 
After backfilling with argon, to this solution was added Pd(PPh3)4 (72 mg, 0.062 mmol) and CuI 
(12 mg, 0.062 mmol). The resulting suspension was deoxygenated again by applying the freeze-
pump-thaw technique consecutively over three iterations. A voluminous precipitate, believed to be 
alkylammonium iodide, formed in less than five minutes. The solution was heated at 45 °C for 48 
hours with stirring in the dark. After this time, a second batch of the catalyst and co-catalyst was 
added (same amounts as before), and the solution deoxygenated again for a further 8 hours before 
the cooled reaction mixture was poured into Me0H to precipitate the polymer, which was then 
filtered (but not allowed to dry completely) and redissolved in a small volume (< 5 mL) of DMF. 
The precipitation and redissolution process was repeated once more. Note that the polymer cannot 
be redissolved after it has been recovered as a dry solid film by evaporation from a solution of a 
good solvent (e.g., CHC13 or CH2C12). Thus, the material was stored as a stock solution in Me0H 
that was kept in the dark (a specific yield could not be determined due to storage conditions). To 
obtain NMR spectra in a deuterated solvent it was necessary to recover the polymer from the non-
deuterated solvent as follows; the Me0H solution of the polymer was isolated by centrifugation 
and decanting. The resulting precipitate was then redissolved in the deuterated solvent for NMR 
analysis. Nevertheless, even using this procedure, it was not possible to obtain samples that were 
entirely free of non-deuterated solvent, and consequently some of the resonances in the NMR 
spectrum are partially obscured by resonances arising from the residual solvent. The partially-dried 
polymer samples were bright yellow solids; IR (Film) va,aa (CaF2 pellet)/cm-I 1412, 1450 (CH 
def.), 1669 (C=N str.), 2525 (CmC), 2833, 2945 (CH str.), 3337 (0-H str., from methanolic 
solution); SH (400 MHz, CDC13) 1.55 (18H, br s, Ha), 7.40 — 7.57 (4H, m, Hb), 7.63 — 7.76 (3H, m, 
He), 8.65 — 8.86 (1H, m, Hd), 10.85 — 10.96 (1H, m, Hd), 11.73 (1H, br s, Hd), 12.68 (1H, br s, Hd); 
Sc (100.6 MHz, CDC13) 28.1 (Ce), 128.4 (Cf), 129.6, (Cg), 132.0 (Ch), 134.3 (C,), 153.2 (Cj), 162.5 
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(Ck). Anal. Calcd. for C271127N304.3H20: C, 63.39; H, 6.50; N, 8.21 Found: C, 63.38; H, 4.61; N, 
8.00. Due to the limited solubility of the polymer only a partial 13C NMR spectrum was acquired. 
Absorbance Xmax (in Me0H, 0 wt.% Triton): 391 nm; emission Xmax (in Me0H, 0 wt.% Triton): 
409 nm. 
7.2.71 PPE 210. 
NHBoc 
BocN( 
NH 
PPE 209 
To a solution of PPE 209 (— 20 mg) in CH2C12 (3.5 mL), trifluoroacetic acid (3.5 mL) was added 
dropwise. The reaction mixture was stirred at 25 °C for 6 hours. The solvents were removed under 
reduced pressure to give crude PPE 210 as a deep-orange solid (10 mg); IR (Film) vmax (CaF2 
pellet)/cm-I 1408, 1437 (CH def.), 1665 (C=N str.), 2332 (CC), 2913, 2996 (CH str.), 3477 (NH 
str.); 6H (400 MHz, d6-DMSO) 1.06 (t, Et20), 3.35 (q, Et20), 5.28 (br s, unidentified, possible NH), 
7.33 — 7.93 (br m, Ha), 9.81 — 10.05 (br m, Hb). The limited solubility of the polymer prevented a 
13C NMR spectrum from being acquired. Absorbance Xmax (in unbuffered H2O, 0 wt.% Triton): 397 
nm; emission ?max (in unbuffered H2O, 0 wt.% Triton): could not be determined under these 
conditions; absorbance Xmax  (in unbuffered H2O, 0.3 wt.% Triton): 392 nm; emission ?max (in 
unbuffered H2O, 0.3 wt.% Triton): 415 nm. 
The polymer was not isolated cleanly. See Chapter Four, section 4.1.2 for further details. 
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7.2.72 PPE 212. 
HO 
To a solution of toluene and diisopropylamine (12 mL; 6 mL each) was added 206 (0.120 g, 0.313 
mmol) and 180 (0.160 g, 0.299 mmol). The Schlenk flask was fitted tightly with a rubber septum, 
and the solution was deoxygenated by applying the freeze-pump-thaw technique consecutively 
over three iterations. After backfilling with argon, to this solution was added Pd(PPh3)4 (30 mg, 26 
µmop and CuI (30 mg, 160 µmol). The resulting suspension was deoxygenated again by applying 
the freeze-pump-thaw technique consecutively over three iterations. A voluminous precipitate, 
believed to be alkylammonium iodide, formed in less than five minutes. The solution was heated at 
45 °C for 24 hours with stirring in the dark. After this time, a second batch of the catalyst and co-
catalyst was added (same amounts as before), and the solution deoxygenated as before and stirred 
at 45 °C for a further 8 hours before the cooled reaction mixture was poured into Me0H to 
precipitate the polymer, which was then filtered (but not allowed to dry completely) and 
redissolved in a small volume (< 2 mL) of DMF. The precipitation and dissolution process was 
repeated once more. Note that the polymer cannot be redissolved after it has been recovered as a 
dry solid film by evaporation from a solution of a good solvent (e.g., CHC13 or CH2C12). Thus, the 
material was stored as a stock solution in Me0H that was kept in the dark (a specific yield could 
not be determined due to storage conditions). To obtain NMR spectra in a deuterated solvent it was 
necessary to recover the polymer from the non-deuterated solvent as follows; the Me0H solution 
of the polymer was isolated by centrifugation and decanting. The resulting precipitate was then 
redissolved in the deuterated solvent for NMR analysis. Nevertheless, even using this procedure, it 
was not possible to obtain samples that were entirely free of non-deuterated solvent and 
consequently some of the resonances in the NMR spectrum are partially obscured by resonances 
arising from the residual solvent. The partially-dried polymer samples were bright yellow solids; 
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IR (Film) on CaF2 disc vmax/cm-1 1288 (CO str.), 1637 (C=0 str.), 2890, 2958 (CH str.), 3305, (OH 
str.); 6H (400 MHz, CDC13) 1.50 — 1.55 (18H, br m, Ha), 3.69 — 3.78 (8H, br m, Hb), 3.89 — 3.95 
(4H, br m, He), 4.21 (4H, br m, Hd), 6.98 — 7.07 (2H, m, He), 7.44 — 7.70 (2H, m, Hf), 8.60 — 8.65 
(1H, m, Hg), 10.9 (1H, br m, Hh), 11.7 (1H, br m, Hi). The limited solubility of the polymer 
prevented a 13C NMR spectrum from being acquired. Anal. Calcd. for C35H43N3010: C, 63.14; H, 
6.51; N, 6.31 Found: C, 63.03; H, 6.60; N, 6.23. Absorbance ?max (in Me0H, 0 wt.% Triton): 422 
nm; emission Xmax (in Me0H, 0 wt.% Triton): 447 nm; absorbance Xmax (in Me0H, 0.3 wt.% 
Triton): 426 nm; emission Am. (in Me0H, 0.3 wt.% Triton): 447 nm. 
7.2.73 1,4-Bis[2-(2-methylethoxy)ethoxy]-2,5-diiodobenzene (21418.27 
A solution of 1,4-bis(2-(2-hydroxyethoxy)ethoxy)benzene (180, 2.00 g, 3.71 mmol) in dry THF (5 
mL) was added over 15 minutes to a stirred suspension of NaH (0.600 g, 14.9 mmol, 60% in 
mineral oil, was previously washed with dry THF; see section 7.1) in dry THF (20 mL) under 
argon. After 1 hour a solution of MeI (0.950 mL, 14.9 mmol) was added over 10 minutes. The 
reaction mixture was then heated to 50 °C for 23 hours and then cooled to room temperature. 
Excess NaH was quenched by the addition of H2O (1 mL) dropwise and then the solvent was 
removed in vacuo and the remaining residue was partitioned between CH2C12 (20 mL) and H2O 
(20 mL). The organic phase was washed with ammonium chloride (2 x 20 mL) and brine (2 x 20 
mL), dried over MgSO4 and then concentrated in vacuo. The crude material was recrystallised 
from Me0H/H20 (9:1, v/v) to give the title molecule 211 (1.64 g, 78%) as a white crystalline 
material; Rf = 0.74 (100% EtOAc); m.p. 84 — 86 °C; IR (Film) viam, (CaF2 pellet)/cm-1 2856, 2935 
(CH str.), 1377, 1464 (CH def.), 1129, 1210 (C-O str.); SH (400 MHz, CDC13) 3.39 (6H, s, Ha), 3.56 
— 3.58 (4H, m, 	3.75 — 3.77 (4H, m, He), 3.86 — 3.88 (4H, m, Hd), 4.09 — 4.11 (4H, m, He), 7.23 
(2H, s, Hf); 6c (100.6 MHz, CDC13) 59.1 (Cg), 69.6 (CO, 70.3 (Ci), 71.1 (Ci), 72.0 (Ck), 86.3 (CO, 
123.4 (Cm), 153.1 (CO; m/z (CI, NH3) 584 (100%, [M+NH4]+);  HRMS (CI, NH3) Found: 
[M+NRi]
+
, 584.0006. C16H2812N06 requires: [M+NH4]+, 584.0001; Anal. Calcd. for CI6H241206: C, 
33.94; H, 4.27. Found: C, 34.08; H, 4.27. 
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To a solution of PPE 212 (' 20 mg) in CH2C12  (4 mL), trifluoroacetic acid (4 mL) was added 
dropwise at 25 °C. The reaction mixture was stirred at 25 °C for 20 minutes. The solvents were 
removed in vacuo to give crude PPE 214 as a dark-orange residue (8 mg); IR (Film) on CaF2 disc 
vmax/cm-1 1670 (CN/C0 str.), 2128, 2254 (CC), 3433, (NH str.); SH (400 MHz, d6-DMSO) 1.22 
(unidentified), 1.73 — 1.76 (m, unidentified), 3.79 — 3.95 (8H, br m, H.), 4.16 — 4.28 (4H, br m, 
Hb), 4.42 — 4.58 (4H, br m, He), 6.17 — 7.80 (>9H, br m, Hd + He). The limited solubility of the 
polymer prevented a 13C NMR spectrum from being acquired. Emission ?max (in Me0H, 0 wt% 
Triton): 439 nm; emission A.max  (in Me0H, 0.3 wt.% Triton): 440 nm. 
The polymer was not isolated cleanly. See Chapter Four, section 4.1.2 for further details. 
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7.2.75 PPE 213. 
NHBoc 
206 	 211 
To a solution of DMF (6 mL) and diisopropylamine (6 mL) was added 206 (0.100 g, 0.261 mmol) 
and monomer 211 (0.141 g, 0.249 mmol). The Schlenk flask was fitted tightly with a rubber 
septum, and the solution was deoxygenated by applying the freeze-pump-thaw technique 
consecutively over three iterations. After backfilling with argon, to this solution was added 
Pd(PPh3)4 (30 mg, 26 gmol) and CuI (30 mg, 160 tmol). The resulting suspension was 
deoxygenated again by applying the freeze-pump-thaw technique consecutively over three 
iterations. A voluminous precipitate, believed to be alkylammonium iodide, formed in less than 
five minutes. The solution was heated at 45 °C for 22 hours with stirring in the dark. After this 
time, a second batch of the catalyst and co-catalyst was added (same amounts as before) and the 
solution deoxygenated as before and stirred at 45 °C for a further 8 hours before the cooled 
reaction mixture was poured into Me0H to precipitate the polymer, which was then filtered (but 
not allowed to dry completely) and redissolved in a small volume (< 5 mL) of DMF. The 
precipitation and dissolution process was repeated once more. Note that the polymer cannot be 
redissolved after it has been recovered as a dry solid film by evaporation from a solution of a good 
solvent (e.g., CHCI3 or CH2C12). Thus, the material was stored as a stock solution in Me0H that 
was kept in the dark (a specific yield could not be determined due to storage conditions). To obtain 
NMR spectra in a deuterated solvent it was necessary to recover the polymer from the non-
deuterated solvent as follows; the Me0H solution of the polymer was isolated by centrifugation 
and decanting. The resulting precipitate was then redissolved in the deuterated solvent for NMR 
analysis. Nevertheless, even using this procedure, it was not possible to obtain samples that were 
entirely free of non-deuterated solvent, and consequently some of the resonances in the NMR 
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spectrum are partially obscured by resonances arising from the residual solvent. The partially-dried 
polymer samples were yellow-orange solids; IR (Film) vmaa (CaF2 pellet)/cm-1 1279 (CO str.), 
1377, 1461 (CH def.), 1628 (C=N str.), 2203 (CC), 2854, 2924 (CH str.); SH (400 MHz, d6-
DMSO) 1.56 (18H, br s, Ha), 3.36 — 4.21 (16H, m, Hb), 7.37 — 7.70 (5H, br m, He). The limited 
solubility of the polymer prevented a 13C NMR spectrum from being acquired. Absorbance A.. (in 
Me0H, 0 wt.% Triton): 434 nm; emission ?max  (in Me0H, 0 wt.% Triton): 445 nm; absorbance 
?max (in Me0H, 0.3 wt.% Triton): 430 nm; emission ?max  (in Me0H, 0.3 wt.% Triton): 445 nm. 
Hb 
0 
h Ha 
To a solution of PPE 213 (— 20 mg) in CH2C12 (4 mL), trifluoroacetic acid (2 mL) was added 
dropwise at 25 °C. The reaction mixture was stirred at 25 °C for 1 hour. The solvents were 
removed in vacuo to give crude PPE 215 (7 mg) a light yellow residue. IR (Film) v. (CaF2 
pellet)/cm-1 1179 (CO str.), 1365, 1460 (CH def.), 1726 (C=0 str.), 1779 (C=0), 2863, 2974 (CH 
str.), 3503 (NH str.), 3578 (NH); SH (400 MHz, d4-MeOD) 3.20 — 3.22 (10H, br m, Ha + Hb), 3.74 —
3.77 (4H, br m, He), 4.18 (4H, br m, Hd), 4.51 (4H, br m, He), 5.32 — 5.38 (m, unidentified), 8.87 
(2H, br s, Hf), 9.43 — 9.63 (3H, br m, Hg), 10.23 (br m, unidentified); Sc (100.6 MHz, d4-MeOD) 
55.7 (Ch), 134.3 (CO, 137.4 (C), 138.1 (Ck), 138.2 (C1), 140.8 (Cm), 140.9 (Co), 141.5 (Co), 160.8 
(Cr). Emission kn. (in unbuffered H2O, 0 wt.% Triton): 440 nm; emission Amax (in unbuffered 
H2O, 0.3 wt.% Triton): 439 nm; emission .?max  (in Me0H, 0 wt.% Triton): 439 nm; emission ?max 
(in Me0H, 0.3 wt.% Triton): 440 nm. 
The polymer was not isolated cleanly. See Chapter Four, section 4.1.2 for further details. 
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7.3 	Emission quenching experiments 
7.3.1 General procedure for the measurement of Stern-Volmer constants. 
The Stern-Volmer coefficients were determined using the following technique: Ns moles of the 
sensor (e.g. PPE 155 or PE 154) were dissolved into a volume V of solvent which was then divided 
into two smaller solutions A and B, each of volume 1/2V. The quencher (dissolved in a small amount 
of the same solvent) was then added dropwise to solution B, and the volume of quencher solution 
required to achieve full quenching (> 95%) was determined. The same amount again of quencher 
solution was added to solution B, resulting in a final solution that contained exactly twice the 
number NQ of moles required for full quenching of solution B alone (and therefore the appropriate 
amount for full quenching of the combined solutions A and B). This (double) volume of quencher 
solution is denoted AV. An identical volume AV of pure solvent was then added to solution A so 
that solutions A and B both had the total same volume V' = Y2V + dV after the addition of solvent 
and quencher solution respectively. Importantly, since solutions A and B contain equal 
concentrations of sensor (PPE 155 or PE 154), dropwise addition of B to A does not alter the 
sensor concentration. Solution A was then transferred to a cuvette and, using an appropriate 
excitation wavelength, its fluorescence intensity Io was measured. Small controlled volumes (VQ ) 
of solution B were added to solution A using a 'IL-resolution syringe and, after each addition of B, 
the fluorescence intensity .1([Q]) was measured. This process was repeated until all of solution B 
had been added to solution A. If n is defined as the number of droplets of B added to A, then the 
quencher concentration [Q] is related to n by the relation: 
nV N Q Q  [Q] = (nV,2 +V') 
Equation 11 
The Stern-Volmer coefficient may be determined from Equation 5 (Chapter One, section 1.3) using 
least-squares optimisation. It is common in the literature to use a linearised approach, in which ksv 
is determined as the best-fit slope obtained from a plot of /SRO versus [Q]. This approach, 
however, does not take into account the existence of measurement errors in both the abscissa [Q] 
and the ordinate I[Q], and accordingly its use results in biased estimates of ksv.28 In this work, we 
therefore use a total least squares procedure wherein the optimal value of ksv is obtained by 
minimising the summation: 
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6 yi 
Equation 12 
where xi and yi represent the ordinate and abscissa of the individual experimental data points, x: 
and y: represent the optimal estimators of xi and yo and cyx, and cryi represent the measurement 
errors, which were conservatively estimated at 20% and 5% respectively. The estimators x: and y: 
are constrained by the Stern-Volmer relation y: = yiV(1+k,x:). The determination of the 
confidence intervals for ksv is problematic since closed analytical expressions are not generally 
available for non-linear regression.28 We therefore used a numerical 'bootstrap' procedure to 
evaluate the sensitivity of the ksv to random fluctuations in the experimental data.29 The errors 
reported in the discussion and figures in this report correspond to 95% confidence intervals for ksy. 
Full experimental details of the procedure we use to determine the Stern-Volmer coefficients and 
associated confidence intervals will be described in a separate paper." A summary of the findings 
for a standard system are shown in Table 7.2. 
Table 7.2 Summary of Ru(bpy)32+ luminescence quenching by 4-Br-2,6-DMP. 
pH ksv 1111-1 (Reported)31  ksv I M-1 (Measured)a 
(non-linear fit) 
ksv / M-1 (Measured)' 
(linear fit) 
11.05 
11.05 
1180 
1180 
1838 (451 nm) 
1750 (491 nm) 
1788 (451 nm) 
1888 (491 nm) 
Dur experiments were conducted at 24-25 °C. The reported results were measured at 22 ±2 °C. 
In addition to using two excitation wavelengths to excite the metal complex, the extracted data was 
fitted using both linear and non-linear methods. All the techniques were in agreement with each 
other and validated the quenching protocol used. The results were similar to those reported in the 
literature procedure followed with slight deviations attributed to small differences in the pH of the 
buffer solution used.3I'32 
7.4 	General procedure for the hybridisation experiments 
All experiments were conducted in spectrometric grade water, containing either no added salts or 
100 mM NaCI with added surfactant (Triton X-100). All DNA material was stored at -20 °C. Stock 
solutions of the tetrameric sequences were suspended in spectrometric grade water and were used 
309 
a 1 
Chapter Seven 	 Experimental Section 
as received from Sigma-Aldrich (Purification: desalt). To ensure that the strands were dissociated, 
the solutions were kept above 12 °C prior to experiments and hybridisation experiments with the 
tetrameric strands were conducted at 50 °C. Due to the small size of these oligonucleotides, Sigma-
Aldrich were unable to verify the purity by quality control. Instead, they provided an estimate of 
the 'Desalt' purity (for longer strands of approximately 20 base-pairs) of 80%. For these 
experiments, the polymer concentration was held at 10 µM and — 0.25 nmoles of each tetramer was 
used in the annealing procedure. 
The longer sequences (35-mer strands) were used as kindly provided by Dr David Mann 
(Biochemistry, Imperial College London). They were treated at 94 °C for — 5 minutes to remove 
any secondary structure that they may have possessed and the hybridisation experiments were 
conducted at 65 0C.33." 
The sequences for the 35-mer strands used in the hybridisation assay are given below (all are 
written 5' to 3'): 
S1068A1 	35mer 	ATGAAACAATGCTGGCGCCTCGAGAAAAGATTTTC 
S1068A2 	35mer 	GAAAATCTTTTCTCGAGGCGCCAGCATTGTTTCAT 
(Materials used for results presented in Chapter Five) 
S1035A1 	3 5mer 	GATGCTCCTCCACTGGCGCCCTATCCATTTGTAAG 
S1035A2 	35mer 	CTTACAAATGGATAGGGCGCCAGTGGAGGAGCATC 
(Used in previous experiments) 
To determine the concentration of these solutions, the method described by Sigma-Proligo was 
followed35 which allowed us to ensure that exact stoichiometric amounts of each strand were added 
for the annealing procedure and to prevent signal artefacts. The concentration of the DNA stock 
solutions were typically — 1000 µg/mL. These solutions were adjusted such that the addition of an 
A 1 and A2 strand led to a solution concentration of 10 µM for each (which corresponds to an 
approximately equimolar solution). The starting polymer solution was also of this concentration. 
The polymer solutions (10 	with a volume of 2.5 mL), in glass cuvettes, were placed in the 
heated fluorimeter and allowed to equilibrate for 10 minutes. The 35-mer DNA analytes were 
denatured for 5 minutes at 94 °C prior to their addition into the sample quartz cell, to avoid 
secondary structures and the resulting signal artefacts as reported previously.33 An aliquot of 
known concentration of the ss-DNA material was then added and the resulting complex allowed to 
reach thermal equilibrium for a period of 15 minutes. This was followed by addition of the 
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complementary strand, at the same concentration. Throughout this time, emission spectra were 
collected with the fluorimeter set in kinetic mode. Spectra were recorded at 1 minute intervals, 
with settings similar to those used in the emission quenching experiments and stated in Table 7.3. 
7.5 	Monitoring enzyme activity 
All measurements were conducted on a Perkin-Elmer LS 50B Luminescence Spectrometer. All 
data was processed using FLWinLab Molecular Spectroscopy software and for the enzyme assay, 
emission spectra were collected with the software in kinetic mode. 
All solutions were prepared by using spectrophotometric grade water. Buffer solutions were 
prepared with reagent-grade materials (Sigma-Aldrich). Concentrated aqueous solutions of the 
polymers were diluted with appropriate buffers to a final concentration. Stock solutions of the 
enzymes were prepared immediately before their use in the assays. The enzyme solutions were 
maintained at — 0 °C before use, and they were used within 3 hours of preparation. All enzyme 
assays were conducted at 35 — 38 °C. Assay solutions were prepared by placing 2.5 mL of the PPE 
polymer solution into a silica glass cuvette (10 mm x 10 mm x 45 mm) with a path length of 1 cm. 
The initial emission intensity was recorded after the solution was allowed to equilibrate. Addition 
of a known amount of the quencher (phosphate substrate, NPP), as determined by prior quenching 
experiments, was then added, with the combined solution again allowed to thermally equilibrate 
for a further 10 minutes. The new emission spectrum was recorded and then an aliquot (previously 
adjusted such that no quenching is observed) of the phosphatase enzyme was then added to the 
polymer solution and with the fluorimeter set in kinetic mode, emission spectra were recorded 
every 20 seconds. Typical fluorimeter settings are given below (Table 7.3). 
Table 7.3 Typical fluorimeter settings (in kinetic mode) for enzyme assays. 
*related to the integration time 
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7.6 	Prototype solid state biosensor 
Emission spectra were measured in quartz cuvettes (10 mm x 10 mm x 45 mm, path length = 10 
mm), with solutions being thoroughly degassed with argon prior to use. The TLC plates were used 
as received from the Eastman Kodak Company, Rochester New York, USA (they were the only 
type of non-fluorescent TLC plates available to us at the time). The cationic polymer (PPE 155) 
used for the prototype sensor was coated onto plastic-backed non-fluorescent silica gel TLC plates, 
by submerging the plate, cut to size, into a solution of the polymer at — 1.0 mM concentration (in 
repeat units) for 10 minutes. The plates were then dried under a gentle stream of nitrogen and 
rinsed with deionised water (5 mL) three times to ensure that there was no unbound residual 
polymer on the surface. This was checked by recording the emission spectrum of the solutions used 
to rinse the plates. See Chapter Five (section 5.6) for further details. 
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